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FUNDAMENTALS OF AN INTERCONNECTED POWER GRID 
FOR THE EUROPEAN PART 
OF THE SOVIET UNION* 


V.I. VEITS 


“Krzhizhanov”, Power Institute of the Academy of Sciences 
of the U.S.S.R. 


(Received 12 September 1956) 


The Sixth Five-Year-Plan initiates a new stage in the development of 
Soviet power production grid interconnexion of power systems. 


When the Kuibyshev and Stalingrad power stations and the transmission 
systems connecting these Volga giants with the central systems and with 
the Central Black-earth Region, the South and the Urals have been 
commissioned during the present Five-Year-Plan the first section of the 
European U.S.S.R. grid will have been completed. 


During this period the creation of a Siberian Grid (from Irkutsk to 
Novosibirsk) will be initiated. The Bratsk and Krasnoyarsk hydro- 
electric stations which are under construction will dominate the develop- 
ment of the Siberian Grid similarly to Kuibyshev and Stalingrad in the 
case of the European U.S.S.R. grid. Large transmission lines will 
connect Bratsk with the Krasnoyarsk and Irkutsk Cheremkhovsk systems, 
and Krasnoyarsk with the West Siberian systems. Later, the central 
Siberian grid will be linked with the European U.S.S.R. grid, thus 
producing an integrated Soviet grid system. The Caucasian and north- 
west systems will then be connected and a number of Kazakhstan systems will 
be connected to the European and Siberian grids. Central-Asian and Far- 
Eastern power systems will be developed. Nuclear power stations will 
become more important which will affect the development of the U.S.S.R. 
grid systems in many ways. 


The grid ensures the most efficient use of the various sources and 
provides maximum flexibility and economy. It is now no longer correct 
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Pundamentals of an interconnected power grid 


to plan power stations and high-voltage systems without considering their 
part in the future grid. 


Areas of the European U.S.S.R. grid 


grid covers the 


The first stage of the European U.S.S.R. following 
areas: (Fig.1) The Central, Volga, Central Black-earth Region, South, 
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Bashkiria and Tataria, and Urals areas. The total area is over 2.7 x 
10° km*: population 110 million. The maximum east-west distance is 
over 2700 km, and the maximum south—north 1500 km. In the first sec- 
tion of the European U.S.S.R. grid the present annual output is about 
106 x 10° kWh or 63 per cent of the total for the country. This is about 
40000 kWh per km* and 1000 kWh per head. 


The future levels and regional characteristics of 
the energy balance in the U.S.S.R. 


The basic layout of the European grid is considered for two different 
energy levels: 500 and 1000 x 10° kWh. The 500 x 10° kWh level relates 
to the output of a substantial part of the Volga, Kama and Dnieper hydro- 
electric stations and the 1000 x 10° kWh to the completed All-Union grid. 


500 x 10° kWh might be reached in the second half of the next (Seventh) 
FPive-Year-Plan, and 1000 x 10° kWh early in the Ninth Plan. In the first 
stage the output of the first European grid section (without the north- 
west and Caucasian links) will increase from 106 in 1955 to 240 x 10” kWh 
and in the second stage to 410 x 10° kWh, according to our estimates. 


On account of the considerable absolute rate of increase of the energy 
balance in the European grid this rate of increase will be slightly less 
than the average increase of the All-Union power production. This is due 
to more rapid expansion of output in areas east of the Urals. Thus the 
output in the Siberian grid area will increase by a factor 20 when stage 
2 is reached, and by 8 — 15 times in other Asian parts of the Soviet 
Union. The relative output of the European regions (including the Urals) 
will decrease from 79 per cent to about 52 per cent and that of the 

Asian regions will increase from 21 per cent to about 48 per cent. 


Yet even the European grid will comprise areas with two different 
rates of development: the older industrial areas in the Central, Urals 
and southern areas, where the rate of development is smaller than that 
of the Union as a whole, and the new industrial regions of Bashkiria, 
Tataria, Central Black-earth Region and Volga, with their rich natural 
resources and high population density. Here the output will increase 
faster than that of the Soviet Union as a whole, and their relative 
output will not decrease, but increase (from 7 - 10 per cent). 


The above levels have only been used as a guide. The basic assumptions 
and the results have been checked with respect to possible deviations 
from the initially assumed pattern in the levels, rates of development, 


and general energy balance structures of the individual regions. 
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Fundamentals of an interconnected power grid 


Regional characteristics of the energy balance 
and estimates of future load diagrams 


Decrease in the relative industrial load is typical of the European 
grid. Agriculture, transport and domestic consumers will use more power 
and the industrial load will decrease from 81 per cent of the total in 


1955 to 70 per cent whereas rural power consumption will increase from 
2.5 to 6.1 per cent, transport from 3.3 to 8.6 per cent and domestic use 


from 13.2 to 15.1 per cent. 


The load structure varies in the different regions. These variations 
affect the daily and annual load curves of the regions and of the grid 


considerably, and thus affect the maximum demand and grid layout. 


Pig. 2. 


Fig.2 shows the winter load curves for the European grid in the 


second stage, and the table gives the following: 


yy? (load factor of a December day) 


(>) (the ratio of minimum off-peak power to the 


evening peak) 


(hours of maximum demand per annum) 
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Regions 


European grid 


Central 


South 


Volga 


Central Black-earth Region 


Tataria and Bashkiria 
6700 


Urals 


will decrease slightly (by about 1 or 2 per cent) when a 7 hr day is 
introduced. It would be more complicated to estimate the effect of a 
6 hr working day on the load curve; no accurate prediction can be 
made, since period shift work increases the maximum demand in some 
industries and decreases it for others. 


An upper limit is h, = 6300; this corresponds to higher y‘?/ and 

av) in the second stage. Actually h. may be expected to be 200 -— 300hr 
less, which must be allowed for in designing the grid structure. 

By the second stage the diversity effect* for a winter day is about 500 MW, 


The structure of the European grid 


The maximum demand on the European grid will be about 38 GW 
(1 GW = 1000 MW) in the first stage and about 65 GW in the second stage. 
Assuming a minimum spare capacity requirement for frequency, emergency 


and maintenance purposes ?, the total installed capacity of the European 


grid will be about 42 GW in the first stage and about 72 GW in the 
Fig.3 shows the relative contribution to the total capacity 


second. 
from different types of power station. 


The hydro-electric stations form one of the main factors affecting 
the grid design and determining the intersystem tie line loads. 


The difference between the arithmetic sum of the regional maximum demands and 


the grid maximum demand. 


t Problems relating to the magnitude, constitution and distribution of power 
reserves will not be discussed here. 
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The total hydro-electric energy in the first stage of the Furopean 
grid is planned to be about 66 x 10” kWh in a year of average flow.* 


The total output in an average year would then be: 
11.7 x 10° kWh from existing stations, 


30 x 10° kWh from stations under construction 


x 10° kWh from hydro-electric stations in the design stage. 


The hydro-electric schemes in the European grid will produce 16 per 
cent of the annual output and comprise 19 per cent of the installed 
capacity in the second stage. 


* This refers to existing stations and those under construction in various 
design stages on the Volga and Kama and their tributaries, and on the Dnieper, 
Don and Dniester. The Volga developments include the lowest barrage at Astrakhan 
giving 6 x 10° kWh. The output of the hydro-electric stations on the Dniester 
will be about 1.1 x 10” kWh. The lower Ob scheme and the so-called “Northern 
Supply” (direction of the northern river waters into the Volga) are not 
inc] uded, 
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Fundamentals of an interconnected power grid 


The part played by the hydro-electric station in covering the load is 
of great importance in determining the MW-capacity and hence its overall 
economic effect. 


h-e 
Pumerg spore * Pireq spore | 


20 25 30 35 38 40 45 50 
pr, hw 


Fig. 4, 


Fig.4 shows the effect of changes in the theoretical maximum demand 
and in the load curve shape for the European U.S.S.R. grid, all other 
conditions on the total working maximum*® of the hydro-electric stations 


remaining unchanged. 


The maximum grid demands are plotted horizontally. The basic figure 
for the first estimated level is 38 GW, the range of variation being 
30 - 50 GW. The hydro-electric capacity is taken as ordinate. y(w) 
ranges from 0.83 -— 0.87, the basic value being 0.851 and ye! - 0.668, 
the guaranteed hydro-electric output and installed capacity being 4 and 
11.3 GW respectively. Below the 11.3 GW level are marked the imposed 
basic load of the hydro-electric stations (0.3 GW) and the minimum spare 
(frequency and emergency) capacity (1.5 GW) which may be allocated to 
the hydro-electric stations. The difference between installed and 
available capacity due to head variations is less than 0.1 GW. 


Fig.4 shows that at the first level, which will be reached by about 
1963-64, the total hydro-electric output utilizable without duplication 
by thermal power stations already constitutes about 9.3 - 9.8 cwt in 


* The total output of the hydro-electrical stations taking part in the basic 
and peak-load parts of the load curve. 


t The first and second figures refer to the allocation of frequency and emergency 
spare capacity to the hydro-electric stations, i.e. 1 and 1.5 GW respectively. 
It should be borne in mind that not all the total planned hydro-electric capa- 
city (11.3 GW) will be in service during that period; some stations will still 


be under construction. 
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the first alternative considered (dotted line). If yy? should not be 
0.851, but only 0.84, the hydro-electric capacity utilised for the total 
grid maximum demand would be 9.8 - 10.3 GW. When the maximum grid demand 
increased by 1/3, with y'*/ 0.851 to 0.841,* it will be possible to 
utilize 11.8 — 12.5 GW of hydro-electric capacity without duplication, 
i.e., 0.5 — 1.2 GW more than the planned installed hydro-electric capacity. 


+ 


emerg spore 


40-83 

0-84 

0-847 


Pig. 5. 


The effect of the maximum demand and of the shape of the load curve on 
the working maximum of the hydro-electric stations appears greater in the 
diagram Fig.5, where the second estimated level has been considered and 
where new possible hydro-electric developments (Astrakhan and others) 
have been taken into account. The total hydro-electric station capacity 
(13.3 GW) by the time the second estimated level is reached (maximum grid 
demand 65 GW, y(y? = 0.847, minimum essential spare capacity at the hydro- 
electric stations 2 GW) can be increased by more than 2 GW as compared 
with the data of the present plan. 


We have graphs showing how the installed capacity of the hydro-electric 
Stations of the Furopean grid would vary with deviations of the develop- 
ment of the individual regions from the basic altermtive, e.g. the 
actual rates of maximum demand increase may be lower in the Volga and 
Central Black-earth regions and higher in the Urals and the South, etc. 


The total installed capacity of the above hydro-electric schemes in the 
European grid is too low. In the investigations and planning work of 
1951 and the following years it was found necessary to increase the 
capacity of the Kuibyshev and Stalingrad power stations beyond their 
origina] ratings, i.e. by 1. 2 GW. 


At present the capacity installed at these stations is being increased 
by 700 WW. Further possible increases in the installed capacity must be 


* Prequency and emergency spare capacity of thermal power stations 1.5 GW. 
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provided for by performing the appropriate engineering and other works; 
equipment can be installed later. The capacity installed at Saratov, 
Lower Kama, Chebokarsk and Astrakhan should be reconsidered in relation 
to their future part in the development of the European grid. 


Of course Figs. 4 and 5 only deal with matters of principle as regards 
the need to increase the total hydro-electric capacity in the European 
grid by 2 — 2.5 GW over the present design figure. The individual 
schemes must be subject to cost analysis. Provision must be made at the 
design stage for the subsequent installation of additional equipment, 
otherwise the most efficient and complete use of resources in regions of 
restricted water supply would be prevented. 


These proposals become more important when the link-up between the 
European and north-west and the Caucasus systems is allowed for, since a 
tie line will link the European grid with that of Siberia and the 
“Northern Supply” will become available. These will increase the hydro- 
electric capacity in the European grid and thus facilitate extension of 
their working and installed capacities. 


The hydro-electric capacities can be assessed for the time when the 
links connecting the Central, Central Black-earth, Bashkiria, Tataria, 
Urals and Southern regions are commissioned. 


In the second stage thermal stations will supply 75 — 80 per cent of 
the European grid power, the first including and the second excluding 
the Siberian hydro-electric stations. 


In the second stage the district heating power stations in the 
European grid will have a capacity of about 17 GW. Their contribution 
towards covering the maximum demand will depend on their industrial 
heating load curves. 


District heating stations will have dual-purpose turbogenerator sets 
of increased rating and be larger,* and together with new bleeder-turbine 
designs with higher efficiencies under various load conditions, applica- 
tion of the “ boiler-turbine” unit system, creation of heat supply 
systems with parallel heat infeed, introduction of efficient heat 
distribution systems, complex automation and remote control of district- 
heating power stations. 


* Unit ratings rising from 12 — 25 MW to 50 — 100 WW, higher input pressures 
and temperatures will be used. By replacing steam at 90 atm and 500°C by 
steam at 200 atm and 600°C the heat output per Mcal will be increased by 30 - 
50 per cent for 2 atm and 10 atm gauge pressure at the bleed points for 
heating and industria] steam, respectively. 
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t he 


In some regions stations will be developed in which the fuel will be 
used for power generation as well as for industrial or technological 
purposes and will drive gas-turbines, particularly in stations related 


to underground gasification schemes. 


Fig.6 shows three alternative basic plans for covering the winter load 
curve in a year of low hydro-electric output, corresponding to the second 
stage in the European grid. The upper part in Fig.6(a) is occupied by the 
hydro-el ic stations on the European rivers, replacing as ich power 

from condensation plant. In this case the total installed 
» cover the load curve. Since part of the 
capacity may economically be allocated to hydro-electric 
11 capacity should be increased ’ e than 2 GW. If 
iro-electric station capacities are restricte n the present 
ity must be concentrate 


total spare t 


1 Fig. 6(b) the hydro-electric stations 


he winter gria 


overing t 


Fig.6(c) differs from the previous 
hydro-electric power except 300 W of 
below the peak, but 2.5 GW at the peak 


steam condensation plant. ' 


The most favourable conditions for the different *s of station in 
the different seasons and in years of different water availability must be 
chosen from technical and economic calculations with necessarily compli- 


cated conditions of the total energy balance of the 


General layout of the European grid 


Fig.1 shows the basic layout of the European grid at the second stage. 
Some new intersystem ties not included in the Sixth Five-Year-Plan are: 


* This alternative would involve wasting some water, the power loss being 1.4 x 10° kWh, 
Some 400 MW of hydro-electric power in addition to the 300 MW above 
must be transferrred from peak to base to avoid this loss. Correspondingly 
condensation plant would have to be transferred from base to peak, to 


compensate. 


t The Siberian water power contribution to the European grid has also been 


considered. 
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Fundamentals of an interconnected power grid 


Besides the first large 400 kV Moscow-Kuibyshev Hydro - Tatneft - Ufa - 
Zlatoust trunk line (included in the Sixth Five-Year Plan), a second 
400 kV trunk line, viz. Moscow - Chebokarsk Hydro - Lower Kama Hydro - 
Botkinsk Hydro - Sverdlovsk, is under consideration. The design of the 
Chebokarsk - Moscow line is linked to that of the Chebokarsk hydro- 
electric station. The Botkinsk hydro-electric scheme will be connected 
with Sverdlovsk. It would be incorrect to plan the individual links in 
these trunk lines in isolation, and the entire trunk line must be 
designed as one of the main features of the integrated high-voltage grid. 
The second 400 kV trunk line with its three auxiliary hydro-electric 
stations (Chebokarsk, Lower Kama and Botkinsk) is 1700 km long. The 
transmission conditions will vary during construction. In the first 
stage the flow will be from West to East via two branches: Lower Kama 
Hydro - Botkinsk Hydro - Sverdlovsk; and Lower Kama Hydro - Tatneft - 
Ufa - Zlatoust. In the second stage power from the Lower Kama hydro- 
electric scheme and some from the Lower Yenesei stations will flow along 
the same line from east to west. The capacity of the second 400 kV trunk 
line and branches must be determined from the second stage requirements. 


The overall plan will ensure that the 400 kV Kuibyshev - Saratov line 
and the equipment operate at full efficiency. The line should be 
extended to Stalingrad if the Astrakhan scheme is proceeded with. If not, 
the extension will not be economic. A 400 kV transmission is being 
further investigated. 


The good industrial and agricultural prospects of the Central Black- 
earth Region justify the 400 kV Saratov - Central Black-earth Region 
(Lipetsk substation) transmission system. Use of the hydro-electric 
station at Saratov to supply the Central Black-earth Region would 
replace more condensation plant than any other alternative. 


The chart also shows a Donbass - Central Black-earth Region - Moscow 
transmission line. This line will supply the Central Black-earth and 
Central Regions from stations situated in the Don Basin operating on 
low-grade residues from coal enrichment processes, or on coal of calorific 
values below 4000 — 5000 kcal/kg. 


The technical and economic aspects of this system will be determined 
when several supply problems have been resolved, viz. the fuel production 
of individual regions and the energy available for exchanges with the 
European grid, etc. Other energy sources competitive with power trans- 
mission, must be investigated, particularly nuclear stations. 
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Fundamentals of an interconnected power grid 


The basic intersystem grid lines (including those between the 400 kV 
substations in Moscow and the Urals) comprise about 8700 km of single- 
circuit line. * 


The operating conditions for individual lines will vary with the water 
supply and during different stages of development. Of the many problems 
involved only reverse power flow in individual ties will be briefly 
reviewed since this may be very important for economy in operation. 


The essential character of one such operation is illustrated by the 
Stalingrad - Donbass transmission line. 
4P 


* The Donbass- Central Black-earth Region - Moscow and Saratov Stalingrad 


Hydro Astrakhan Hydro lines are not included. The capacities of the lines 
connecting the Urals with the Central region may have to be increased if 
power is received in the European grid from the Yenesei hydro-electric 


scheme. 
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Fundamentals of an interconnected power grid 


Fig.7 shows that two distinct operating conditions alternate because 
the Stalingrad hydro-electric station supplies power Ap} to the load 
curve, the peak of which is determined by the Southern system. During 
off-peak periods the Donbass supplies A p?.° Thus the condensation 
plant in the South has a constant output, the Stalingrad hydro-electric 
station supplying the peak load at some hours, energy being sent to the 


Volga at other times. 


The operating conditions in the Stalingrad - Donbass tie depend on 
the structure of the Volga and Southern systems, on the individual station 
characteristics, on the magnitude and shape of the load peak in the Southern 
system and the Southern system load allocated to the Stalingrad station, 

on the Donbass condensation plant capacity, on the contribution to the 

Volga area load, etc. A winter day flow curve (Fig.7) may be two-way 


or unidirectional ( 2 \ °p,). 


Severe breakdowns in the Southern system may require power to be 1958 


drawn from the Volga region. Then part or all of the normal Donbass - 
Volga flow will not be available, and power will have to flow westwards. t 
The operating conditions in other European grid links will also change 
during emergencies. 


Reversed flow operation has the following advantages: an increase of 
the coefficient of transformation of the guaranteed power of the hydro- 
electric stations and, consequently, the possibility of an increase of 
its installed capacity and output which, in turn, guarantees the economy 
of the power output of the condensation power stations, fuel economy and 
reduction of the production cost of the energy, reduction of power and 
energy losses by intersystem transmission, cost reduction of intersystem 
transmission in connection with the reduction of the theoretical power 
flow and reduction of the required transmission capacity. 


There are additional ways of increasing the maximum demand covered by 
the hydro-electric stations and the grid flexibility while retaining the 
same transmission capacity. 


Condensation plant must be installed between the first and second stages in 
addition to hydro-electric and district-heating stations to accord with long- 
term plans. This condensation plant will, as usual, supply the Volga region 
base load. The new condensation plant should be in the Donbass, where coal- 
enrichment residues are available, and not in the Volga region, for economic 
reasons. 


This justifies allocating some spare capacity (up to about 300 MW, 2 - 3 sets) 
at the Stalingrad hydro-electric station to the Southern lines. 


= 
| 
: 
i 
ig 
4 
a 
3 


Fundamentals of an interconnected power grid 


Reversed flow operation is of advantage when regions with different 
times of maximum demand, different load curve shapes and different load 
structures are interconnected. It facilitates a new approach to the 
condensing station siting problem. 


Another type of reversed flow operation is obtained by using the 


hydro-electric stations to supply peak loads in the grid when the 
regional load curves and time zones differ. 


Economic efficiency in the European grid 


Some approximate round figures for the efficiency of the European 
grid may be given. 


The capital cost of the intersystem lines is about 5.8 x 10° roubles, * 
and the running cost about 340 million roubles p.a. 


The total capital cost of the European grid will be 9.6 x 10° roubles, 
and running costs 625 million roubles p.a. 


The grid will reduce the requirement for condensing stations by 
4.8 


The fuel saved by the additional hydro-electric output (6 x 10° kWh) 
due to increase in hydro-electric station capacity and the smaller 
auxiliary consumption is about 2.3 million tons of coal p.a. 


The capital saved on generating equipment is 6.7 x 10° roubles and 
the operating cost is reduced by about 1 x 10° roubles p.a. The addi- 
tional capital outlay of about 3 x 10° roubles will be saved in less than 
8 years by reduced operating costs (375 million roubles p.a.). 


These estimates are conservative. The actual effect will be consider- 
ably larger. For example, the figures do not allow for concentration 
of thermal power stations in individual regions which will occur, nor 
for the savings from the increased guaranteed power from the inter- 
connected Volga, Kama and Dnieper systems. The spare capacity reductions 


* The Kuibyshev Hydro - Saratov Hydro and Donbass - Central Black-earth Region - 
Moscow lines are not included. 


t About 3.9 GW will be supplied by additional plant at hydro-electric stations; 
the spare capacity required will be reduced by 0.9 GW when the difference in 
the auxiliaries at hydro-electric and thermal stations is allowed for. 
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Pundamentals of an interconnected power grid 


assumed have been estimated to be 1.5 — 2 times smaller than those pre- 
dicted by probability formulae.” The same applies to the sum of the 
individual load curves. The savings produced by coupling the hydro- 
electric units to the Urals and Southern area before the industrial 
loads in the Volga and adjacent regions have reached the planned levels 
(due to water wastage) have not been allowed for. Allowance of these 
additional factors would shorten the time taken to amortize the cost. 


One unfavourable effect not allowed for in the above estimates is the 
“freezing” of some capital during construction until all the lines can 
be fully utilized. 


The above figures refer to the European grid as a whole. Individual 
lines vary in economy. For example, the Kuibyshev - Urals and Stalingrad - 
Donbass lines will take less than 4 years to pay off but the Kuibyshev - 
Moscow and Stalingrad - Moscow lines will take about 10 years. 


1958 


The problems of the economic efficiency of the European grid will 
form the subject of further investigations on the methodological side 
as well as where the accuracy of the fundamental relations and basic 
data is concerned. Existing possibilities of further improvement of 
the economy of the European grid must be explored and utilized. 


Connexion of the Caucasian and north western systems 
with the European grid 


The basic problems of developing the Caucasian and North Western 
Regional grids, and of connecting them to the European grid, have not 
yet been fully studied. 


In a year of medium water supply the hydro-electric potential of the 
Caucasus has been estimated to be about 180 x 10° kWh. Caucasian rivers 
have flows which vary in different years and between seasons. Storage 
lakes are costly and can only partly even out the annual flow. Hydrograph 
records for the Volga and Dnieper differ considerably from those for the 
Caucasian mountain rivers which have their largest flows in July and 
August, due to melting snow. 


The Caucasian water power resources would be most efficiently used by 
linking the Caucasian system with the European grid, particularly with 
the Southern part. In good years this would reduce the demand on thermal 


* The coefficient of availability was assumed as 0.9999: the average maintenance 
of a unit as 1 per cent, the individual generating wnits were assumed of 
100 MW capacity. 
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Fundamentals of an interconnected power grid 


condensation stations in the south and elsewhere. In bad years the flow 
would be from the southern system to the Caucasus. The Caucasian hydro- 
electric systems consist of relatively small units, which must be allowed 
for. 


The line connecting the Caucasus with the European grid is about 1000 
km long and about 1 GW capacity. 


It was originally proposed to connect the north western system to the 
European grid by a 220 kV line from Leningrad to Moscow, from which the 
October railway was to be supplied. Such a low-power link (150 — 200 MW) 
between systems of many million kW capacity is unsatisfactory. It is 
necessary to envisage other alternatives which would economically justify 
the creation of a strong power link between the north western Region and 
the European grid. In particular, it is necessary to consider a line 
connecting the Lower Ob hydro-electric scheme with Leningrad via the 
upper Volga region. Such a line would be about 2500 km long and of 
about 2.5 — 3 GW capacity. 


Only a few problems relating to a European grid which have been studied 
in detail by the Institute of Power Engineering of the U.S.S.R. Academy of 
Sciences have been dealt with here. In particular the methods of 


calculating power demand and supply and the economic factors determining 
basic parameters of the grid have not been touched upon. The Siberian 
grid, its connection with the European grid, and the future contributions 
of nuclear power stations will form the subject of separate papers. 
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INVESTIGATION OF VARIABLE- SPEED 
A.C. MACHINES* 


TRESHCHEV 


Introduction 


Modern electrical engineering developments are associated with the 
continuous increase of machine ratings and operating speeds. Transients 
then assume an ever greater importance, and are indeed decisive in some 
practical cases. Cases are known in which a synchronous three-phase 
generator on dead short-circuit has slowed considerably within a 
relatively short time. This retardation is due to the braking torque 

set up by the short circuit, and as the flywheel] masses will be different 
in every concrete case the retardations will differ. The torque speed 
function must be known in order to determine conditions under which 
normal operation is rapidly restored. 


The maximum short circuit torque must be known in order to determine 
the mechanical strengths of generator and foundations. But the maximum 


torque depends on the generator speed changes under these conditions. 


The effect of the rate of change of slip on induction motor character- 
istics is usually neglected in the theory. The power lost on changing 
the magnetic energy is not considered in the energy balance. Every slip 
is assumed to have a corresponding well-defined torque independent of 
the slip variation rate. However, the static mechanical characteristic 
applies only to the steady state. Even at normal induction motor 
accelerations the actual torque deviates considerably from its static 
value. For example, for a type A92-4 motor with a run-up time 
t 2.6 T 1 sec, the maximum torque difference will be about 50 per 
cent of the rated value for small slips. 


When the load seizes or jams the retardation is very rapid. If the 
slip variation rate is considered the effective maximum torque may 
exceed the maximum steady-state torque by a factor of almost 2, and the 
rated torque by a factor of almost 5, which must be allowed for in 


specifying the mechanical strengths of motor and load. A difference 


® Blektrichestvo 2, 49-55, 1957 (Reprint Order No. 8.2) 
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Investigation of variable-speed a.c. machines 


between these characteristics will also exist when speed control is by 
frequency variation. The effect of slip variation rate on the motor 
characteristic is of particular importance in repeated short-time and 
high-speed processes in connexion with the current general tendency 
to increased operating speeds. A criterion defining the maximum error 
in such cases has already been suggested (1). 


The short-circuit torque of a synchronous machine can be calculated 
only if the quadrature components of the currents and flux linkages are 
known; this complicates matters even if the speed is constant and 
operational methods are used. On the other hand the short-circuit 
currents are given approximately by simple formulae which are in 
satisfactory agreement with experiment. 


Great theoretical difficulties also arise when an induction motor 
is operated at variable speeds. 


It will be shown that the power associated with the magnetic energy 
during a short-circuit may be determined with satisfactory accuracy if 
the symmetrical current components are known along one axis. These 
data, together with the energy balance, give the short-circuit torque 
simply and with the desired accuracy with due allowance for speed 
changes. Recurrence formulae for the torque of a synchronous machine 
and the stored magnetic energy will be derived from the energy balance, 
from which the behaviour under variable speed conditions can be 
predicted. 


Fundamental relationships 


The co-ordinate system is assumed at rest relative to the rotor. 
The voltage equilibrium equations for the stator and (on the usual 
assumptions) take the form [1], 
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Investigation of variable-speed a,c. machines 


On a per unit basis and for the rotor we get 


d Yrd 


where: 


Uge tege Ore the components of voltages, currents 
and flux linkages along the d-axis;u_, being the 
components of the voltages, currents and fiux linkages along the q-axis; 


u lor Wo the same for the zero-components; 
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fs @ the resistances of stator and rotor, respectively; 


and w is the rotor angular velocity. 


For simplicity the zero-components will be omitted because they are 
unrelated to the other components and can easily be considered if 
necessary. For a normal induction motor usg=u, = 0 in equation (2), 
and for a normal synchronous generator without damper these equations 
degenerate into one along the direct axis for the field winding. 


If the generator has a damper in the direct axis, the two equations 
will relate quantities referring to this axis, viz. one for the field 
winding and the second for the damper winding. The number of equations 
in (2) will increase with the number of rotor windings. 


Equations (1) and (2) are equivalent to reducing the machine to two 
transformers with windings about the d and q axes mutually related by 
the rotational e.m.f. These transformers rotate together with the 
co-ordinate system, at the rotor speed (Fig.1). 


If we multiply the left hand and right hand sides of (1) and (2) by 
bye to lad and beg respectively, and add these parts we get 


dW, 


p = Pr + > wM (3) 


where p is the total electrical power supplied to the machine or by it; 
Pr the copper losses in the stator and rotor; wM = AY gt, - Y gt) 
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Investigation of variable-speed a.c. machines 


is the mechanical power supplied to the rotor or derived from it; 
dW /dt, the power expended on varying the magnetic energy. Also 


d 


Fig. 1. Reduction of a three-phase machine to two double- 
wound transformers. 
Equation (3) expresses the power balance. It is easy to show that 
if dW dt = 0, no transient electromagnetic processes take place in 
the machine. Consequently, this term in the over-all power balance (3) 
determines the effect of transient electromagnetic processes on the 


behaviour. 


If we introduce generalized complex terms for the flux linkages, 


lL.» of stator and rotor, respectively, (4) 


takes the form:* 


dw. 
dt * 


where, ie, is are the complex conjugates of # ss 
The magnetic energy stored in the machine is 


7 


1 


Differentiating (6) and incorporating (5), we find 


* Subscript Re indicates the real part. 
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Investigation of variable-speed a,c. machines 


Equation (7) offers considerable advantages in approximate work. 
Equations (5) and (7) are also valid if we use the complex conjugates 
of the flux linkages instead of those of the currents. Operational 
methods are usually used nowadays with a.c. machines. This is possible 
if we assume the rotational speed constant and that the currents vary 
exponentially. The stator and rotor current vectors i, and es rotate 
at variable speeds, and their amplitudes are also variable, i.e. 


(J @ dt + 


where are the variables. 
Substituting (8) into (7) and considering that for a symmetrical 
machine UW, = we find 


dW 1 di 

dt t dt 
sn 


ra 


If the currents decay exponentially then 


1 di 


dt 
sm 


where a, and 1 are the stator and rotor damping factors respectively. 


When the current and flux linkage vectors lie along one axis, for 
example the d-axis, or almost so (symmetrical components in a three- 
phase short-circuit), the first two terms in (9) may be determined with 
a high degree of accuracy if we consider only the components along the 
d-axis, since we then get 
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Investigation of variable-speed a.c. machines 


because when Ww. and u_ are small w lo is a second-order infinitesimal. 
To determine the last term in (9) the in-phase and quadrature components 
must be accurately known because 


Herein lies the main difficulty. However, we see from (9) that this 
term vanishes when w= WwW. But if the current vectors rotate at dif- 
ferent angular velocities (e.g. if the aperiodic component is considered), 
the last term in (9) will not vanish. But we need to know the current 
amplitudes and initial phases only approximately, because the relative 
phases of the current vectors vary continuously. 


This property of dW /dt occurs only when variations in the total 
magnetic energy of the machine are considered. It is no longer true 
if variations in the magnetic energy of stator or rotor alone are 
considered. 


If the machine is not symmetrical, strictly speaking, (9) no longer 
applies. However, in most practical cases the error associated with 
the asymmetry is small. Consequently, the property of dW. dt dis- 
cussed above will occur in asymmetric machines, i.e. synchronous 
generators with or without damping windings. 


For a three-phase dead short-circuit at the terminals of an induc- 
tion motor, if copper losses are neglected and there is no shaft load 
the dynamic equation and (3) give 


The change in magnetic energy is equal to the change in kinetic 
energy. Applications of the above relations will now be dealt with. 


The torque of a synchronous generator on three-phase 
dead short-circuit 


In this case we must put p = Ups in (3), 


Consequently 
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We stated above that dw. dt and the copper losses are practically 
completely determined by the currents in stator and rotor. The short- 
circuit currents can also be satisfactorily calculated from simple 
formulae based on the assumption that the symmetrical component vectors 
lie in the direct axis (2,3). 


Using these formulae together with equation (4), di. dt is found 
for a generator without damper winding by assuming that T’, and T, (in 
radians) are relatively large (Appendix) 


=t/(T.) -t/(T)) 
~ sin 4 


di 
dt 


sin 28 


1 

_1\ (11) 
x 
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The main copper loss may be calculated by Lyuter’s method (3) by 
considering the losses to currents set up in the rotor by the aperiodic 
stator current component. For a generator with damper winding this 
method, with the same simplifications, gives: 


-t/(T 
(Te 


Equations (10 — 12) show that when the generator speed is sharply 
reduced copper loss effects increase, this causing an additional rise 
in braking torque. 


Where the angular velocity is constant at the synchronous value 
Weyn 1-€. @ = ay, = 1 and also if we simplify for 77, Tj and T, very 
large the torque formulae coincide with those obtained by Lyuter’s 
method (3). The more exact treatment used here will only apply to 
low-rated machines with small time-constants and running at synchronous 


speed. 


Pig.2 shows the torque curve for a three-phase dead short-circuit 
in a W999 synchronous generator (28.2 kVA; 220/380 V: 74/43 A) during 
no-load operation for E. = l.and a = 1500 rev/min. 
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The instantaneous copper losses are considered. The braking torque 
rises very rapidly and reaches almost 10 times its initial value. This 
causes the generator to lock suddenly which from (10) in turn causes 
a further increase in the maximum torque as indicated in Fig. 2. 


Fig. 2. Torque variation and dt curves for a three-phase 
dead short-circuit across a W999 synchronous generator 
(28.2 kVA; 220/380 V;) 74.3/43 A; 1500 rev/min under no-load 
conditions at 1. 
. the effect of speed change on when 
in = ~10 per cent. 


Variable-speed operation of an induction motor 


The voltage balance equations for the generator, referred to axes 
rotating at synchronous speed, take the symbolic form 
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where : , are the complex stator currents and flux linkages 


- and J, are the same for the rotor; 


and r, are the resistances of stator and rotor, respectively. 


Equation (1. an t by numerical integration if we assume 


Pi. 0 when s bl }, But even then special functions have to 


be used and, if » slip-time relation is linear, series which are not 
always rapidly convergent. The grapho-analytical method (5) also has 
some severe drawbacks. This problem, of considerable practical import- 


ance, is difficult to solve. 


The stator and rotor currents will be written in the following form 
so that the energy relations can be used: 


where os and t.. are the complex stator and rotor currents which 

approach, and at smal] rates of change of s are equal to the steady- 

state currents 1 and 1 .- §g and 1 are the complex transient 
ss res sv rv 

equalizing currents of stator and rotor. 


If we assume a normal] linear relation between currents and flux 
linkages we get 


The magnetic energy changes associated with the flux linkage changes 
dy,, /dt, dy, dt,are normally small. Then (13), using (14) and (15) 
splits up into the following four equations. 
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? 


dt 


A solution of (17) containing no constant term gives expressions in 
the form of elementary functions. Equation (16) is solved from the 
energy balance by successive approximation for the effect of magnetic 
energy changes on the motor currents. When the currents and flux 
linkages have been determined we get recurrence formulae for the tor- 
que and stored magnetic energy, from which the behaviour of a variable 
speed induction motor can be predicted (Appendix): 

v M « 


n e r 


(19) 


where, Mm. ‘. and i, are the torque, stored magnetic energy and stator 
current for the n-th range of variation of s; 


M 
u2 dt 


is the steady-state torque: 


2 
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ds/dt is small for ordinary induction motors under normal operating 
conditions and so, from (21), € = 0. 


Then 


the torque and magnetic energy stored in the stator are determined by 
the static characteristics. (18) and (19) may be similarly simplified. 


Calculations using (18) and (19) are hardly more difficult than pre- 
dicting the behaviour from steady-state characteristics, particularly 
if the stator copper losses are neglected and (22) used. 


0.1 0.2 
Fig. 3. Induction motor torque curves on braking at constant 
acceleration (2a = 1/487) 


1 - steady-state characteristic; 


2 - characteristic including electromechanical transients. 


To test (18) and (19), Fig.3 shows torque curves for an induction 
motor during braking at constant acceleration 2a = 1/487, the para- 
meters being: z,= 4%, = 3.07; x, = 2.99; r, =r, = 0.01. The figure 
also shows the result predicted by using a computer [6] (broken curve). 
Table 1 gives the theoretical results. Where stator resistance is allowed 
for and M. and ". are used instead of M., and " the agreement is 


satisfactory. 
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0.05 0.10 O15 0.20 0.25 0.30 


Fig. 4. Torque of a A92—4 induction motor on starting with an 


acceleration 2a = -1 sec™’, 


1 — steady-state characteristic 


2 — characteristic including speed variation effects. 


Fig.4 shows the torque curve for a type A92-—4 induction motor (100 kW, 
2 (a typical 


1460 r.p.m.) run-up time t = 2.6 a = 1 sec and 2a = -1 sec 
practical value). Table 2 gives the numerical values. The figure shows 
that the effect on the motor speed changes on the characteristic is 


fairly considerable around Saas and in the working range. 


By considering the aperiodic current and flux linkage components in a 
similar way, we may predict the conditions during a three-phase dead 
short-circuit across the terminals of an induction motor. 


Conclusions 


The transient torque can be determined comparatively simply to the 
required accuracy by using the energy relations if approximate expres- 
sions are available for the currents, particularly the reactive short- 
circuit currents. This enables us to solve a number of practical 
problems. 


Equations (18) and (19) can be used in simple calculations on induc- 
tion motors operated at variable speeds where electromechanical transients 
are involved. These transients may solve many particularly important 
problems, 
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A similar study of power surges in synchronous machines and other 
such detailed processes not considered here may yield equally important 
results. 


Appendix I 
The stator currents ly and t as well as the field current t, during 


a three-phase dead short-circuit across a generator without damping 
winding may be expressed approximately by the following formulae [2,3]: 


e-t/(T,) cos 
x4 


x 


q 


d 


where G = wdt. 
aw 
where E. is the no-load e.m. f. 


The flux linkages of stator Ya and Yo and rotor vs will be 
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Investigation of variable-speed a.c. machines 


The magnetic energy variation dW. /dt, from (4) taking into account 
(1,2), is 


dW 
m 


=== & e~*/(T,) 


(Tq) 
x 


-t/(T,) 
dd 


Tj and T, are some tens or hundreds of radians for normal machines. 
For simplicity therefore we may neglect terms containing Tj and T, 
in the denominator. After substituting the currents from (I,1) into 
(1,2) we get (11) for dW /dt. 


Appendix II 


The flux linkages of the stator Phas and rotor W,, are: 


where x, and x. are the total stator and rotor reactances; x, is the 
magnetizing reactance. From (17), (II,1) and (II,7) we get 


aa a 
_ aja, + jays + jf 


(II, 2) 


jaja. -aist+a 
where Lee Te and a are the damping factors of stator and rotor Since 
and ax (11,2) may be written in the form; 
a! 


< 
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» $1n ty + 

3j 3 

sin 6, 

+[@cos 6 -———/1l - 

a 
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As al(l —- s) has relatively little effect and neglecting second- 
order infinitesimals, integration gives an approximate expression for 
the effect of stator resistance. 


a ay . 


a(t) 


substituting (II,3) into (14), we find 


-j8 
Ce” "et(t) (11,4) 


When = 0, = 0, aft) = 0. Prom (II,4) we find: 


Consequently 


(11,5) 


The smller di. ds x ds/dt the better (II,5) satisfies the original 
differential equations. In the working range when ds/dt is comparatively 
large (II,5) will therefore yield sufficiently accurate results from 
relatively small ranges of slip variation. For this reason we will 
transform (II,5) into the following recurrence formula 


-j8 
+ (i, ~i je’ (11,6) 


se 


where and n-i) the complex stator currents for the nth and 
(n-1)th ranges variation. 


We then find 1. for the given slip, and S. and a(t) are read every 
time. (11,6) agrees with a similar formula obtained by another method 


in (5) when a(t) sal Ot and 
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Investigation of variable-speed a.c. machines 


The complex stator flux linkage VY,» when approximate allowance is 
made for the stator resistance, becomes 


and are given by 


on ‘on? , 
Re 


go] 


4 . 
sn sn 
Re 


Substituting (11,6) and into (II,8) we get (18) and (19). 


(II, 7) 


To determine M and Wwe 


start from (16) and use (3). As 
dW. dt is small we assume to a first approximation that the current 
and flux linkage variations follow the steady-state characteristics. 
If we simplify the equivalent circuit of the induction motor by 
eliminating the magnetizing circuit, we get 


dw 


dt se 


ds x 


dt 


Successive improvement of the term for the effect of magnetic energy 
variation on the motor currents, 


and repeated calculation of the energy 
relations from (3) yield a formula for the torque, viz. 


4€* €* 4 
ss 


(II, 9) 


The terms in brackets are in geometrical progression; this gives (20). 
The magnetic energy stored in the stator is 


2 2) 
(l +¢ + x5 
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THE USE OF AMPLIDYNES AND TRANSISTOR AMPLIFIERS 
FOR INDUSTRIAL DRIVES* 


V.A. NAIDIS 


Machine Tool Experimental Research Institute 


Controlled feed mechanisms driven by d.c. motors supplied by quadrature 
field controlled amplidynes are now widely used on heavy horizontal and 
boring and milling machines. 


958 
vertical lathes, 


The motor speed ranges on heavy machine tools feed drives must be 
large (1:100 upwards) speeds constant to better than +10 per cent and 
the automatic control system must be sufficiently fast. The latter 
arises from the need for the drive to be uniform and stable notwith- 
standing the varying motor loading from heavy slow moving tool rests, 
head and tail stocks, etc. 


Most heavy electric units use velocity feedback in which the differ- 
ence between the set and d.c. tachometer voltages is fed to the ampli- 
dyne control winding either directly or through an intermediate 

amplifier. 


= In 1950 ESRIMCL (Machine Tool Experimental Research Institute) 
eo developed the first electric machine tool feed using electronic 

a) amplification; this was installed on an experimental vertical lathe 
ae type P.521. Such units have been widely used in a series of boring 


machines produced by “Sverdlov” machine-tool works in Leningrad. 

Considerable control-circuit gain is required as the speed range is up 
to 1:1800 and this demands intermediate amplification in the feedback 
circuit. 


Intermediate amplification is also advantageous with much smaller 
speed ranges (1:100 or less) if the amplifier is sufficiently simple, 
reliable and of small size. 


* Elektrichestvo No.3, 5-10 (1957). (Reprint Order No. EL. 3} 
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The use of amplidynes and transistor amplifiers 


If the tachometer’s output is fed directly to the amplidyne input 
the amplidyne control winding must be of low resistance to give suffi- 
cient gain. The fairly high amplidyne control winding currents required 
demand tachogenerators and reference sources of rather larger capacity 
and size. For example, in units made to the designs of the “Elektro- 
privod” K.D.B. for large lathes, vertical lathes and other machine tools 
PN-2.5 type d.c. generators built into the feed gearbox are used as 
tachometers being themselves gear-driven. The voltage references are 
too large to be fitted on rack panels. Bulky anti-hunt transformers 
types TS 72-60 and TS 144-110 are used. 


Intermediate feedback circuit amplifiers greatly reduce the size, 
weight and price of tachometer, regulator, etc. Smaller d.c. or a.c. 


tachometers integral with the motors can be used as well as small 
speed (references) with or without contactors which can be controlled 
from several places, e.g. from rack panels, as well as small anti-hunt 


R-C -circuits. 


Intermediate feedback circuit and amplifiers improve the speed 
stability against load variation, reduce the effect of magnetization 
in the amplidyne winding, heating, exciter voltages etc. At constant 
overall gain, the gain of the time-lag element (amplidyne) can be 
reduced because the gain of the quick response element (intermediate 
amplifier) is higher, and this produces an improvement in the transient 


response. 


Disadvantages of intermediate electronic amplifiers in units with 
speed ranges of 1:100 are limited valve life, filament preheating time, 


etc. 


A number of organizations “Elektroprivod”, Central Design Bureau, 
the Leningrad Electrotechnical Institute, together with the “Sverdlov” 
machine tool factory ESRIMWCL, etc. have worked on intermediate magnetic 
amplifiers powered at 500 and 50 c/s. A 500 c/s magnetic amplifier can 
replace an electronic amplifier completely, but a frequency changer is 
required. A magnetic amplifier supplied from 50 c/s mains cannot be 
made to give a short enough response time. Stability becomes difficult 
to obtain because there is now an extra time constant. It was quite 
sufficient in the intermediate amplifier control system to introduce an 
amplidyne feedback to the intermediate amplifier input via an R-C-circuit. 
A magnetic amplifier control system also requires a series of derivative 
feedbacks between the amplifier stages and overall] derivative feedback. 
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The use of amplidynes and transistor amplifiers 


Transistor amplifiers 


The production (1956) of a 1 W output Germanium transistor (type 
P.3) by the electronic industry resulted in the development of a 
transistor amplifier for machine tool control systems. Transistor 
amplifiers comparable with electronic amplifiers on gain and response 
time have advantages such as longer life, fewer service faults and 
smaller size. Transistor amplifiers have lives 10-15 times greater 
than vacuum valves. Transistors have no heaters and hence no warm-up 
time. The higher efficiency as compared with the electronic amplifier 
reduces the size of the supply transformer, rectifier and voltage 
stabilizer. The complete transistor amplifier is therefore only about 
half the size of an equivalent electronic amplifier. 


The comparatively low input impedances of transistors might appear 
to be a disadvantage since this restricts the tachometer and reference 
source resistances and increases the derivative circuit capacitances, 
but these disadvantages can be avoided by using suitable circuits. 
The lower input impedance of a transistor amplifier enables one to 
isolate the input without fear of producing interference and noise. 
The need to earth the input of an electronic amplifier is disadvantageous 
especially when the amplifier and the rest of the drive circuit are 
connected electrically. Current production transistors still show 
large scatters in parameters; moreover many with high initial collector 
currents must be rejected as unsuitable for use in d.c. amplifiers. 


The main disadvantage of transistors is, however, their sensitivity 
to ambient temperature variations. For example, ina simple two-stage 
amplifier with P3A transistor the output current changes by factors of 
1.3 — 2 according to the working point used when the ambient tempera- 
ture varies by 30°C. This causes difficulties in using transistor 
amplifiers in modern feed controls. Various methods of transistor 
amr 'ifier temperature compensation are given in foreign journals. 

Either p-n-p and n-p-n triodes are used in alternate stages or else the 
parameters are stabilized by means of nonlinear resistances sensitive 

to ambient temperature. The first method cannot be used here because 
Soviet industry does not produce the barrier layer n-p-n type transistor. 
Parameter temperature-compensation circuits have been tested satisfactorily. 
Their disadvantages lie in the need to adjust the circuit, and the 
compensation is upset when one parameter changes. Considerably better 
results are obtained when the temperature compensation is obtained 

via special interstage circuits. 
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of amplidynes and transistor amplifiers 


Fig. 1. Outline circuit of a two-stage balanced transient amplifier. 
cw 1, cw 2 amplidyne control windings. 
Pl — P4 transistors type P3A. 


Fig.1 shows the basic circuit of a two-stage balanced amplifier with 
P3A transistors which can be used for reversible drives. Temperature 


compensation is obtained as follows. The collector current increases 
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The use of amplidynes and transistor amplifiers 


with ambient temperature. The collector current increase in stage one 
causes a decrease in positive emitter-base current in stage two i.e 

the load current falls. Suitable choice of the resistance controlling 
the collector-emitter voltage and suitable gain of the first stage and 
the use of negative feedback gave a characteristic - I, f Ui nput) 
almost independent of ambient temperature (Fig.2). 


Units using the tachometers 


Fig.3 shows the basic circuit of a feed drive for heavy horizontal 
and vertical lathes developed by the ESRIMCL. In these machines one d.c. 
motor provides feed movement in two directions at 90°. The feed direc- 
tion is controlled by four electromagnetic clutches also used for 
copying work. A simple non-reversingcircuit can then be used. The 


Fig.3 Outline circuit of the feed drives of horizontal and vertical 
lathes using d.c. tachometers. 
IM induction motor, A amplidyne type EMU-25, 2.5 kW, 230 V, 2850 
rev/min, M motor PN-28.5, 4.2 kW, 220 V 22 A, (Idon = 13 A at n = 0), 
TG tachogenerator TMG 30P, 250 V, 4000 rev/min, 7; - Ts transformers, 
VS voltage stabilizer, Pl transistor P3A, P2 transistor PIA, 
B,, B> DG TS 27 diodes. 
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The use of amplidynes and transistor amplifiers 


speed ranges required may be as high as 5000 — 10000. But electro- 
mechanical control plus gearbox-controlled steps of 1:100 would be more 


suitable. 


A signal proportional to speed is provided by a smll permanent-magnet 
d.c. tachometer 7C, attached to the motor MM. The difference between 
the set voltage and the velocity feedback signal is applied to the 
transistor amplifier input. The amplifier has r.c. feedback. 


Pig.4 General view of the intermediate transistor amplifier 
(circuit diagram of Pig.3). 


A photographof the two-stage transistor amplifier shown in Fig.4 
forms one of the arms the circuit of Fig.1. At zero input and 
positive emitter-base in the first stage the collector current of the 
input stage is a maximum. The output stage load current is then a 
minimum (Pig.5). The working point A at the minimum motor speed | 
is determined by the control winding flux cw 4, and the residual flux 
in the amplidyne. By varying the resistance in the circuit of cw 4 
to adjust this current to ensure maximum amplification 
to reduce the effects of ambient temperature 


it is possible 
at minimum motor speed and 
variations. The input is shunted by germanium diodes B. and B. to 

protect the amplifier against large input voltages juring transients. 


B. has a voltage limiter protecting against the effects of the forward 


resistance of the diode in the steady-state conditions. 
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The use of amplidynes and transistor amplifiers 


Fig. 5, 


The current limitation is not different from that usual in amplidyne 
circuits of electric drives. The negative voltage feedback in the 
amplidyne effects braking and demagnetization on switching off and the 
compensation winding is shunted by a small resistance. 


The unit was tested on the test bed and on a vertical lathe over a 
motor speed range of 1:100 (25 — 2500 rev/min). The set speed was 
constant within +10 per cent for load variations from zero to rated load, 
the exciter voltage variations from 0.85 to 1.1 U,. ambient temperature 
change from 10 to 40°C, and amplidyne remanent voltages of -20 to +20 V;: 


temperature rise of the machine during 8 hour continuous operation at 
rated load, variation of the transistor amplifier supply voltage from 


0.85 to 1.1 U,. of the antihunt circuit leakage resistance by up to 
1000 12, and successive replacement of both transitors. 


Transient tests are equally important in heavy machine tools, 
especially sudden load change tests. It was stated above that during 
low-speed saddle feed movements without cutting work being done the 
load varies periodically. When the load suddenly changes the motor 
speed varies because of the natural regulation in the drive, recovering 
after a time dependent on the control system response time. 
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The use of asaplidynes and transistor amplifiers 


The initial motor speed change, the tool movement during the transient 
and the recovery time are all important with machine tools. At present 
there is no rule covering the permissible values of these quantities. 

The permissible overshoot under transient conditions should not, however, 
be more than 0.2 of the minimum feed rate expressed in mm per faceplate 


revolution. 


For heavy horizontal and vertical lathes the minimum feed rate per 
revolution is supposed to be not less than 0.05 — 0.1 mm/rev and 
therefore the saddle movement must not be more than 0.01 — 0.02 mm. 

The reduction ratio from motor to saddle must be taken into account when 
calculating the permissible armature rotation. In heavy lathes the 
minimum feed-drive motor speed corresponds to a feed-rate of 0.1 - 10 
mm/min depending on the lathe type and size. In the most unfavourable 
case, viz. 10 mm/min at a minimum motor speed of about 25 rev/min 


the permissible angular travel is 10 - 20°. 


Pig. 6. 


Fig.6 shows an oscillogram for sudden load changes at 25 rev/min 
(range 1:100). The load change was 75 per cent which is 2 — 3 times 
more severe than the values usual under actual lathe working condi- 

. 


tions. The oscillogram shows that the motor overshoot 4s, did not 
exceed 10 per cent, i.e. the fundamental requirement was satisfied. 
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recorded for a 


When the overshoot as a function of transient time was 
25 rev/min the angular travel (S) was between 
| 


minimum motor speed of 
and 20° which correspon 
(Fig. 7) in heavy horizontal and vertical lathes, 


to saddle movements of not more than 2 =— 204 


even under the most 
unfavourable conditions. 


Starting and braking at maximum motor speed are ‘SS important with 


these machine tools since electromechanical « ’S are usually used. 


Fig.8 


under load and running 


Fig.8 shows an oscillogram for a motor starting 
the current being 


up to a 2500 rev/min. The long run-up time is due to 


limited to the rated amplidyne current. The transient 
increasing the amplidyne rating to 


response time 


could be reduced considerably by 
4.5 kW and the maximum current to 40 A, 


Electric feed using an a.c. tachometer 


The following advantages follow from replacing d.c. tachometers by 


Absence of brushes and slot or commutator ripple on the out- 
the 


a.c. ones: 


put, and the possibility of using contactless selsyn regulators, 


output being compared directly with the tachometer voltage. 


Induction type a.c. tachometers with cup type rotors give outputs of 
constant frequency (50 c/s) this being their main advantage over syn- 


chronous a.c. tachometers, but induction-type tachometers with low 


induced e.m.f.s are very difficult to make. 


The first experimental induction-type a.c. cup type rotor TG-56 
tachometer has now been produced at The Moscow Electromechanical 
Engineering works to ESRIMCL specifications. The induced e.m.f. does 
not exceed 15 mV in these prototype tachometers the alternating 
component being 2 — 5 mV for a 60 V rating at 4000 rev/min. 

ESRIMCL developed an electric feed unit with a.c. tachometer and 
transistor amplifier in which control of the feed from a number of 
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separate locations is particularly required with heavy vertical lathes, 
where the control must be both from a central panel and from the tool- 


Fig.9 Outline circuit of heavy and turret lathe feed drives using a.c. 
tachometers. 
Md.c. motor, A amplidyne, JM induction motor, TG tachometer, 1S - 3S 
selsyns, N6 non-movable selsyn, VS voltage stabilizer, Pl — P4 transis- 
tors, B, - B, semiconductor diodes, cw 1 — cw 4, amplidyne control 
windings. 


post control panels. Fig.9 shows the basic circuit without the current 
limitation, demagnetization and braking feedsback. 


Selsyn receivers at appropriate check points transmit the required 
speed variations 1S — 3S Selsyns serve as indicators, their secondary 
windings giving the required reference voltage. 


The voltage = from the stationary Selsyn NS on the control panel is 
subtracted from the output voltage U55 from the LS - 3S Selsyns (Pig.10a). 


| R | | : 
| c | / 
(ws 1S 25) (358) 
x (7 
vs 
4 
| 
5 
4 
= 


The use of amplidynes and transistor amplifiers 


30° 60° 90° 120°150°180” 
a 
(b) 


Fig. 10. 


The U, = U5 - Us curve (Fig.10b) gives a convenient scale for the 

speed recording selsyns (these scales cover unequal ranges). The 
capacitor C, connected to the tachometer primary causes a phase 
difference of 180° between the speed voltage feedback U, and U,. 
U; = U, - U, is fed to the transistor amplifier input. This differs 
from the ampfifier shown in Fig.3 only in having a preliminary phase- 
sensitive stage with PIA transistors (Pl and P2). The diodes B, and 
B, prevent reverse currents through the transistors. 


The a.c. tachometer drives were tested over a speed range of 1:100 
the test programme being the same as with the d.c. tachometers. The 
results were very similar. 


Conclusions 


Intermediate amplifiers should be used even in automatic speed 
control systems for heavy machine tool feed drives using small speed 
ranges (1:100 and less) which could be controlled without them. The 
intermediate amplifier reduces the sizes, weights and prices of the 
regulators, tachos and damping circuits required and improves the 
drive characteristics. 
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SHORT-CIRCUIT TRANSIENTS ON LONG LINES 


R. I. KARAEV® 


Molotov Power Engineering Institute, Moscow 


When long lines are affected by short-circuits, wave phenomena occur 
which cannot be obtained in circuits with lumped parameters. Although 
several papers on this problem have appeared [1,2] only the methods 

of solution have been described. The solutions are obtained by 
numerical methods which sometimes lead to tedious calculations involving 
complex numbers. The classical orthogonal function method (Sturm- 
Liouville’s problem) which is comprehensively treated in works on 
mathematical physics [3] has not yet been applied to this problem. 
Sturm-Liouville’s treatment assumes self-adjoint boundary conditions 

at the ends of a system with distributed parameters (open-circuit or 
short-circuit conditions, or time-independent ones). This condition 

is not fulfilled in transmission line circuits, especially compensated 
ones, in which the functions are not orthogonal in the narrow sense 

as formulated in Sturm-Liouville’s problem. But when the system is 
considered as a whole, the functions will, nevertheless, be orthogonal 
in loss-free systems. The method described here is based on the 
orthogonality condition and yields a general solution for every 
concrete case. Such a solution facilitates analysis of the way indivi- 
dual parameters affect the phenomena without involving laborious calcula- 
tions. The structure of the solution obtained is connected with the 
normal co-ordinates (natural oscillations) of the system which is 
advantageous when protective relay operating conditions are to be 
predicted. 


Only the fault component of the short-circuit current is computed in 
this method since the normal load conditions can easily be determined. 
Transient phenomena in a three-phase circuit are considered using a Bo 
components. This is superior to the symmetrical component method under 
these conditions [2,5]. Thus the problem is reduced to the formulation 
of the additional sinusoidal e.m.f. in the individual single-phase 


* Candidate in Technical Sciences, Molotov Power Engineering Institute, Moscow 
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Short-circuit transients on long lines 


component circuits when the initial condition is zero, the circuits 
being connected in accordance with the varying fault symmetry or 
asymmetry. 


The circuit then has linear parameters, since the voltages in the 
various parts of the circuit do not increase during the short-circuit, 
even when the neutral is not effectively earthed. Iron-cored trans- 
formers and reactors also continue to operate on the linear parts of 
their characteristics. This simplifies the problem considerably. 


Only the currents and voltages during the first 3 -— 5 cycles are of 
interest at 50 c/s, since after that time the transients on the line 
have practically decayed. The operating time of the main protective 
equipment of a long line usually falls within this interval, and 
during these first 3 — 5 cycles the negative-sequence impedances in 
turbo-generators and in machines with damping cages, which are usually 
large hydro electric generators, differ from the positive-sequence 
values by not more than 20-25 per cent [4]. Moreover, with long 
transmission lines the generator reactances are of secondary importance, 
and in practice it is therefore possible to ignore this difference 
since it would not reduce the accuracy appreciably. 


958 


The method may be demonstrated by computing for a single-phase short- 
circuit at the end of an uncompensated long line supplied at both 
ends (Fig.1). 


Fig. 2 
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Short-circuit transients on long lines 


The equivalent circuits used are shown in Fig.2 the upper representing 
the a-component, the bottom one the zero-component, the impedances 
being halved (2). At first we consider circuits consisting of 


reactive elements only, but the method will subsequently be extended to 


include active resistances. 


From electromechanical analogies (6) we take the unknown to be the 
charge Q(x,t), which has passed through a point x on the line at a 


time 


must satisfy 


l 
C 


and is related to the voltages and currents at the point by: 


u(x,t) = 


Separating the variables, we obtain the solution in the form: * 


+ Pos*o(n) 


In what follows the subscript (1) indicates quantities relating to the a- 
component, (2) those relating to the zero-component, and (a) quantities 
relating to both components; (&) denotes quantities relating to the é-th 


root of the characteristic equation 
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Short-circuit transients on long lines 


the a, are the angular frequencies of the natural oscillations; 
the v(m) are the electromagnetic wave propagation velocities. 


The boundary conditions for the circuit shown in Fig.2 are as 
follows (quantities corresponding to the root k = 0 will be considered 
later): 
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Using equation (4) and assuming that 
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As (a) is the surge impedance of the line. 


Substituting the Bite in equation (3), we find that 
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The boundary condition (5) leads to the relation 


2) * 
a(2)e(2) 


sin (@,7 +6 ) 


and (6) gives the characteristic equation as: 
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the roots of which are the natural frequencies of the system. Equa- 
tion (8) is solved by iteration; 


the solution is not given here. 


Passing from the free components to the actual values of the quan- 


tities, we write them in the following way: 
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= 


Lagrange’s equation is used to determine the generalized co-ordinate 


q,(k 1) (7) 
d oF 
am | (11) 
dt (saz 
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where T is the magnetic field (kinetic) energy of the system as a 
whole, (PFig.2); 


is the electric field (potential) energy, 


’ is the electromagnetic energy loss function ( in a lossless 
system F = 0) 


f, is a generalized force. 


The well-known theorem in algebra, that two homogeneous quadratic 
functions can be reduced by linear transformations to a sum of squares, 
can be used to give V and T for a lossless system in a form having no 
cross-products of co-ordinates (or velocities) but squares only 
(8, p.201). 


With lossless long distance lines the above transformation of V and 
T is not required if these are considered for the system as a whole, 
i.e. they will not involve cross-products (of q, and q)- This is 
also a property of orthogonal functions in general with consideration 
of the loads which also extends to the direct current component 
(corresponding to k = 0). 


It is not necessary to calculate both 7 and V when considering 
harmonics since in a lossless system V is obtained by multiplying the 
corresponding terms in T by w* [8, p.205). 


It is simpler to calculate V for Fig.2, this being: - 


1 1/3 2 
= we = 
2C1 im) Ox 


- sin 2(447 + + sin 26. k(n) 


404.2, + Prk (my) 
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Adding the energies for both components, we find that V for the 
system as a whole is 


= Vay = 2¢ The 
=1 


9,71) + 


Pig. 4 


If the line is capacity—compensated (Fig.4) the energy stored in the 
capacitances would have to be added. 


Substituting V and 7 in equation (11) we get 
+ (12) 


To find f, we must determine the energy the generator supplies when 
q, changes by 4q,: 


\ Ves 
Sq, 
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| sin (wt +wW) = the switched e.m.f. 


we obtain 


Cres 


From equations (9) and (13), the charge passing through the source is 


\q, 
cot (47/5) + + 
“s(1) efi) 


And finally the expression for the generalized force is: 


2601) Unax 
| 


sin (wt + w). 


cot (775) + (1)? 


The integral of (12)[9, equations 5-96) is: 


(1) ~ 


sin (wt +W) sin cosa 


Substituting this in equations (9) and (10) and further in (1) and (2) 
the formulae are obtained for currents and voltages corresponding to the 
characteristic equations in (8) for k 21. 
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In a lossless system the d.c. components of the free current and 
potential energy correspond to the root k = 0, and are zero. Fig.3, with 
open-circuited capacitances, also gives this result. 


The Lagrange equation (in a lossy circuit) is then written as 
d 
Je 
dt ¢ qo 
From the line current components corresponding to k = 0, 


pir 


O(a) 0 O(a) 


the current component in the supply is 


Assuming that this affects the a- and zero-components in the same 
way, the generalized co-ordinate is 


l 


pA 


0-0 


So the generalized force is 


max sin (wt > 


The magnetic energy component corresponding to k = 0 is 


(l 
L 


“s(a) * 


i(a) * Live)! 
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vile 
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The solution to (15) for a lossless circuit (F = 0) is 


Unax COS - cos (wt + 


q = 


wa 


0 


Circuits with losses will now be considered. 


The resistances in the equivalent circuits for single-phase and two- 
phase earth faults are 


Tin = t+ 


where ro. = 1.577°107*w, ohms/km [10], is the earth impedance per unit 
length (depending on frequency) 


958 


the conductor impedance per unit length 


The line zero sequence inductance is only slightly frequency- 
dependent, and this effect will not be considered in what follows. 


Unlike T and V, cross-products are retained in F and these influence 
the results somewhat. Assuming that the current distribution depends 

basically on the reactive elements, the dissipation function Five) for 
the line is: 


3Q 2 
Fite) = dx = 


l x » ] 
2 ifs (m) + Ore 


2 
dx = 


i(m) + Lita)! + 


+ 


@ b @ 
2 2 (q,)" + Te In 
=) n=0 
ntk 


* In this formula the positive sign corresponds to a= 1 and the negative 
Sign to -m= 2. 


3 
55 
— (16) 
| 
c 
> 
r 
| 
| 


Short-circuit transients on long lines 


The quantity SPpearing lissipation coefficient is 


given by 


* “in(e) 


r 
lena) 


The current through A (FPie.2) is 


* In this formula the positive sign corresponds to 4 = 1 and the negative 


Sign to = 


56 
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The dissipation function for A is: 


“Sh at ot 


=( 


n¢k 


where 


The dissipation coefficient for the circuit as a whole becomes 


? 


b,. 6, and 6, are calculated similarly by summing the individual] 
components. For the generalized co-ordinateswe substitute V, 7 and F 


in equation (11) and obtain a system of (k + 1) differential equations: 


+ + + 
n=0 


nek 


By successive approximation [11] we first eliminate the term 2b 
(which is small compared with the others) from the left hand side. 
Then equation (17) separates into independent equations: 


2 
+ + = 


the solutions being (9, 5-94): 
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Further, is 


Tel 


When & 0 we have 


Jomax (Sint + >, 


where 


To find the second approximation, TSE it is necessary to substitute 
% = Ny + My i the main terms and only the first approximation 

Gn = Iz is necessary in the summation 2 he Substituting these values 


and solving (18) we obtain 
@ 


n=0 
Applying Duhamel’s formula [9, equations 5-116] 
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te sin w(t A) 
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qn} can be obtained from {20, 21] by substituting subscript-n for 
subscript k. 


Since Wr? is only a correction to yr We assume in the following 


calculations that << 


Then: 


@ 
‘ Onn Inmax” 
= 


n=0 ad 
ntk 


sin(y - )(e 


P (w, w) cos (Ww Pr) 
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Tel (first approximation) gives the reactive current components 
with adequate accuracy. Tall (second approximation) differs in 
phase from the first by 7/2 and gives the ohmic current components 
satisfactorily. These approximations always suffice since in the 
majority of practical calculations the first approximation is 
sufficiently accurate, and (22) and (23) need only be used to check 
the error involved. 


The active resistances affect the current distribution mainly via 
the component corresponding to k 0. Therefore the zero-components 
of the currents and voltages should be calculated direct from the 
circuits in very complicated systems with open-circuit capacitances 
and high active resistances, without applying Lagrange’s equation, (15), 
in order to avoid errors. 


Using the generalized co-ordinates and their derivatives, together 
with equations (9) and (10), the required currents and voltages are 
found to be: 


a COS p= +t 
Z Sin (a,7 


(1) 


" 
l 


(25) 


"afa) * Lies)! 


iro) and u ) are written by analogy by interchanging subscripts (1) and 
(3) and reversing the sign, The components corresponding tok = 0 do not 
alter in sign. 


The known relationships in the a30 system [2] can be used to calculate 
the phase currents and voltages in the three-phase system. The forced and 
free components were calculated simultaneously above. Obviously, they can 
also be found individually by the symbolic method {9}. 


* See (9) and (10). 
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The formulae for a three-phase fault on a compensated line are given 
in the Appendix by way of an example. More complicated systems can also 
be treated by this method. 


Appendix 


Formulae for use with three-phase faults at the ends of compensated lines 
(Fig. 4) 


Characteristic equation: 


1 


+ 
cot(a,7 + + cot + Z,/u,L, 
Currents and voltages 
@ 
> cos(w, ; 
k=} 


% COS(2u,T = a, x/v) + 
k=} 


@ 
= > sin(a, x/v + 
k=} 


@ 
uu =- 2. 94,2, Sin(2a,7 x/v) + Uy ; 
=1 


sin(@,7T + O 5p) 


sin O 


-5 
Unax Sin [sinwwt -e 


w(L, + Ly l) 


t 
sini) - 


di, 
uo = -{L, + Ly (x - 1) + 7) (x - l) 
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Sin(a,7 + sin 


(k > 1) 
sin ©,, sin(a,7 +0, + 


r)l 
L, + L,l 


The amplitudes of the generalized co-ordinates are 


U sin 


Temax ? 
(w* wa, 
The coefficients in the differential equations for the generalized 
co-ordinates are: 
Z, 
Ng (2u,7 sin2(@,7 + 6,,) + sin 26 + 
“k 


24, 
4 sin + 


4 
24 
a, sin 


+ 2447 sin 24,7 + 


(2a,7 + sin + 6,,)- sin 26 + 


+ 2a,7 + sin 24,7 (k 21) 


Pye Po» are given by the above formulae. 
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RATES OF RISE OF RESTRIKING VOLTAGE ACROSS 
CIRCUILT-BREAKER CONTACTS IN 
LARGE POWER SYSTEMS * 


M.M. BELOUSOV** 


Lenin All-Union Electrical Engineering Institute 


The rate of rise of the restriking voltage across the contacts of a 
circuit-breaker clearing a short-circuit is determined by the circuit 
parameters (neglecting post-arec conductivity). Most determinations of 
restriking voltage characteristics from theory or experiment comprise 
values corresponding to various points in existing systems and which 

are expressed statistically, (by their frequency or by the rate of rise 
of restriking voltage) and the restriking rate requirements are specified 
to correspond [1-3]. 


The design of new circuit breakers must not be governed by present- 
day operating conditions but should envisage conditions which will 
probably obtain in 5-10 years time. 


The growth of system power is not only due to increase in the number 
of elements (generators, transformers, transmission lines) but also to 
increase in their power ratings and to the tendency towards higher 
operating voltages. 


The increase in transformer ratings results in a greater short- 
circuit MVA at the terminals. To preserve the original operating 
conditions for a circuit-breaker clearing a fault on the transformer 
busbars, the increase in the short-circuit MVA would have to be 
accompanied by a reduction in the restriking voltage frequency. But 
the frequency does not decrease, and actually becomes slightly higher. 


When the system voltage is increased, the number of transmission 
lines connected to the station busbars is usually reduced. This 
produces a higher resultant characteristic impedance of all lines 
connected to these busbars, and also increases the likelihood that a 
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fault occurring at the beginning of one line may be cleared when no 
other line (or only one) is connected in parallel. In both cases the 
rate of restriking voltage rise (s) may become high. 


Analogue studies of an isolated station with powerful generators (4) 
indicated values higher than those present in actual systems. It will 
be shown later that these results are insufficient as criteria of the 
values in large power systems. 


Let us consider, for example, the S value for a 220 kV circuit 
breaker interrupting a fault at the point A-1, Fig.1. We will assume 


Pig. 1 


that the transformer rating is 360 MVA, uy = 14 per cent, a winding 
capacitance of 10,000 pF and an external circuit capacitance (busbars 
and circuit breaker) of 600 pF. Referring one half of the winding 
capacitance to the line terminal and assuming the h.f. inductance to be 
90 per cent of that at 50 c/s, the natural frequency of the restriking 
voltage becomes 


where L, = transformer inductance 


= capacitance to earth of the transformer line terminal. 


Another method is to assume the “high frequency” inductance to be 
the same as at 50 c/s and to consider only one third of the winding 
capacitance. Then f = 10.2 kc/s. In what follows the average value 
of 9.6 kc/s is used. It is obvious that when a short-circuit behind 
the transformer (K-2) is interrupted we should get the same fundamental 
frequency if the reactances of the other sources referred to the 220 kV 
busbars were smaller than the transformer reactance. 


The above frequency is much higher than those at which 220 kV 
circuit-breakers are tested at present; the short-circuit MVA 
interrupted in Fig 1.can also be considerable (in the example about 
2000 MVA). 


a 
a 
= 
K-2 
220 
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In determining the S values let us consider only a three-phase 
fault not involving earth. The amplitude of the 50 c/s recovery 


voltage is then 1.5U_,,2. 
ph 


Co 
I L. 


Fig.2. L. is the referred inductance of the system; C. is the 


equivalent parallel capacitance across the left-hand winding 
of the transformer; L, the transformer inductance, and C, the 
capacitance from live to neutral of the transformer secondary. 


If a fault occurs at K-l the circuit of Fig.1 can be considered as 
a double-frequency circuit (Fig.2). S is then determined by the h.f. 
component, of amplitude proportional to L.: 


4fx1.15 x 1.5U,, /2 4 


0 t 


220 


4x 9600 x 1.15 x 1.5 x = ¥2 x 0.835 x 10° 


9.9 kV usec 


(Allowance has been made for a possible increase of 15 per cent in the 
system voltage. ) 


An amplitude factor of 1.57, which allows for the damping is introduced 
when this formula is used for determining the maximum S. The experimental 


value of this factor is about 1.6 (1). 
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Consider the circuit of Fig.3. In this case we assume the short- 
circuit MVA at the 400 kV busbars to be 15,000 MVA with all the 220 kV 
lines in circuit and that at the 220 kV busbars to be 10,000 MVA. The 
transformer parameters are the same as those of Fig.1. Then if all the 
220 kV lines are disconnected, the short-circuit MVA interrupted on 
clearing the fault at K-1 is 364 MVA and L, (L. + L,) 0.71. Assuming 
further that the total capacitances of the busbars and 220 kV switch- 
gear is 6000 pF, the h.f. component frequency becomes 


10° —3 
= 10 
2 x 3.14,/0. 9(0. 06/2) [2(10000/2) + 6000) 


and hence 


220 
4 x 7650 x 1.15 x 1.5 — v2 x 0.71 x 10 = 6.72 kV/usec 


Let us next determine S at the full short-circuit MVA (10,000 MVA) under 


the least favourable conditions, i.e. when a large short-circuit MVA 
obtains at a given point (due mainly to generator proximity) and the 
number of outgoing lines on the busbars is least. 


Pig. 4. 


Consider a station with five outgoing lines (Fig.4). Three lines 
connect the station to a large power system, the other two are either 
spur lines, or may be interconnected with stations which affect the 
short-circuit currents at K-1 to a negligible extent; one of these 
lines has been switched off earlier. 


Conditions are then most severe when clearing a fault on the spur 
which had been left in circuit. 


For simplicity assume the three lines of the same length (100 km) 
and that the distant busbars are of infinite capacity. This does not 
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introduce any serious errors since the line reactances are high by 
comparison with the referred reactances of the large power system. 


Calculating according to the method of [1], we get the restriking 
voltage curve shown in Fig.5. The restriking voltage is expressed as 
a relative quantity in this figure, and also in Figs. 6 and 7, the 
amplitude of the 50 c/s recovery voltage being taken as unity. 


Pig. 5. 


With this shape of restriking voltage curve it would be incorrect to 
determine S from the slope of the tangent at the origin. The mean rate 
of rise to the maximum would also be incorrect, since this would be 
too low. 


We shall take the rate of rise to be the average rate for the interva] 
from the origin to the point corresponding to 80 per cent of the 50 c/s 
recovery voltage amplitude. The point corresponding to 100 per cent 
of the 50 c/s recovery voltage amplitude should not be used, since 
this would give values much too low with nearly-aperiodic curves, and 
zero rate of rise in the limiting case of complete aperiodicity. 

The value of S and the amplitude factor as determined from Fig.5 are 
2.05 kV/usec and 1.53 respectively. 


If the number of lines is increased in Fig.4, S will be lowered, e.g. 
if the number of lines is raised from three to five, S drops from 
2.05 kV/usec to 1.38 kV/usec. 


These relatively high S values are typical for stations and sub- 
stations working in a large power system where large breaking MVA’s are 
involved. The S values for isolated stations with many lines are 
considerably lower, even if the stations are of large capacity. 
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With an isolated station with the same equipment parameters as in 
the above example, and with five outgoing lines (apart from the line 
on which a fault is being cleared) we would get the curve shown in 
Fig.6 and an S of 0.38 kV/usec when 4000 MVA is interrupted. 


Thus it appears that the breaker operating conditions in an isolated 
station are much easier than in a large power system, and it is there- 
fore incorrect to determine restriking rate requirements for new circuit- 
breakers from results on an isolated station or its model. 


The author has carried out similar calculations for a 110 kV breaker. 
It was assumed that at full MVA four 30 km lines remained connecting the 
station busbars to the large power system. The reactance of the 110 kV 
system was not assumed as zero, as in the 220 kV system example, since 
the line reactances are considerably lower in this case. The referred 
reactance of the 110 kV system was taken as 2.01 ohms, which corresponds 
to a short-circuit MVA of 6000. 


No calculations were made for the conditions of Fig.3 for the 110 kV 
system since at this voltage such a circuit would in practice only be 
used with relatively small transformers. 


The results for the 110 and 220 kV systems are given in the Table 1 
be low. 
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Table 1. 


Rates of rise of restriking voltage in 110 and 220 kV systems 


110 kV system 220 kV system 


Rate of Rate of 


Circuit rise of rise of 
diagram|MVA interr-| restri- MVA interr-| restri- oo fa 
upted | king upted king 
| voltage, voltage, 
kV/ysec kV/usec 
(S) 


rate of rise of restriking voltage, kV/usec 
amplitude of the 50 c/s recovery voltage, kV. 


Since the calculations involve a number of assumptions and simplifi- 
cations they cannot, of course, be expected to be very accurate. Never- 
theless, the results can form a basis for selecting restriking voltage 
requirements for large circuit-breakers of the 110 — 220 kV class. 


The present practice of standardizing restriking voltage frequency at 
100 and 50 per cent of the ultimate breaking capacity of the circuit 
breaker should be regarded as unsuitable. Since the restriking voltage 
parameters depend not on the circuit-breaker but on the power system, 
they should be chosen in relation to the absolute magnitude of the 
short-circuit MVA, irrespective of the circuit breaker capacity. Each 
h.v. circuit breaker intended for operation in a large power system, 
irrespective of its nominal breaking capacity, should be type-tested at 
2000 — 2500 MVA under the conditions represented in Fig.1, since these 
very conditions produce the highest S values, as well as at its nominal] 
breaking MVA. 
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Since the foregoing concerns only breakers without contact shunts, 
let us now examine the effect of shunting. In transmission line circuits 
(e.g.Fig.4), the circuit breaker contacts are shunted by the characteristic 
line impedances. Therefore for a shunt to control the restriking voltage 
its impedance should be comparable with the effective characteristic 
line impedance. This means that the shunt resistance should not exceed 
a few hundred ohms (or sometimes maybe only a few tens of ohms). A 
subsidiary switch or arc-quenched interrupter has then to be fitted into 
the main body of the circuit-breaker to interrupt the final shunt current. 


In Fig.1 the shunt resistance should also be comparable with the 
characteristic impedance of the circuit. Assuming that the restriking 
voltage frequency is to be reduced (by using an ohmic shunt) by at least 
25 per cent, we get 


whence 


L 
roa ® 0. 755 


In particular, with the transformer parameters assumed for Fig.1 
r., becomes 1300 and 2900 Q for the 110 and 220 kV circuit-breakers 
respectively. 


If the circuit-breaker in Fig.1 has a non-linear shunt having the 
characteristic u = kis, the following equations apply: 


di du 
Li U; = Cit + k 


After differentiating and rearranging, we get an equation which is 
not integrable in the general form, viz. 


-1 


U 


dt? 


Taking a numerical example (transformer 110 kV, 180 MVA, non-linear 
shunt with k = 8 x 10° and a = 0.25), we get the curve shown in Pig.7 
by numerical integration and iteration. This figure also shows the 
undamped curve (2) obtained with the same transformer parameters for 
comparison. In the example the shunt characteristic was so chosen that 
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the shunt should also be of acceptable size and have a final current 
which could be interrupted by a simple break in air. It can be seen 
from Fig.7 that the shunt does not lower S, but only decreases the 
amplitude and accelerates damping. 


Pig. 7 


Thus, shunting the contacts of a h.v. circuit-breaker operating in a 


large power system can reduce S only if the shunt resistance is sufficiently 


low. In this case, however, an arc-quenching device is necessary to 
interrupt the final current, which considerably complicates the design and 
increases the cost of the circuit-breaker. 


Therefore the breaker design in practice should be one which can cope 
with high S values without resort to contact shunting: light shunting 
may be used for voltage grading across the gap. The gap should possess 
a high rate of dielectric strength recovery. It is probably that on 
interrupting transformer magnetising currents such a breaker would set 
up high surge voltages. 


The surge voltages can be reduced to a permissible level by using a 
light non-linear shunt having an acceptable size and a smal] final 
current which is easy to inetrrupt. However, in all probability, a 
more suitable solution would be to install valve type surge diverters 
directly on the transformers (and not on the station busbars). 


CONCLUSION 


As power systems expand and capacities of generators and transformers 
increase, the rates of rise of restriking voltage are bound to go up. 
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circuit-breakers should be based on high 
The calculations presented in the 


New designs for large h.v. 
rates of rise of restriking voltage. 
present communication may be used to derive standards for the rates of 


rise of restriking voltage used in circuit-breaker tests. 
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SELECTION OF ANTIHUNT TRANSFORMERS 
FOR AMPLIDYNE ELECTRIC DRIVES* 


S.S. ROIZEN 


Tiazhpromelektroprockt 


Motor + generator electric drives using amplidynes employ antihunt 
transformers to secure stability and the required transient character- 
istics. The transient duration and hence the system quality are 
determined to a large extent by correct transformer parameter choice 
in the design stage and correct setting when commissioning the drive. 


The solution might appear to be simply to provide the design and 
erection engineers with the catalogue data, but experience has shown 
that calculations based on catalogue data for the machines and anti- 
hunt transformers give results which do not agree with tests. 


The calculated overall maximum gains are usually much higher than 
the actual ones. For example, the calculated overall] gain (K) for a 
20 kW system with an EMU-12 A amplidyne and TS-72/60 transformer, was 
65, but instability actually sets in at K = 20. Allowing for the self 
and mutual inductances of the amplidyne control windings and the trans- 
former leakage reactance does not produce any considerable difference 
in the result. 


When the system is RC stabilized, the calculated and experimental 
results are in good agreement. Hence the errors in the transformer 
calculation are not due to the method but to the transformer data used. 


Consider an antihunt circuit including an amplidyne (Pig.1). The 
following equations can be set up for this circuit: 


Pe 


* Elektrichestvo 4, 57-59, 1957 (Reprint Order No. EL6) 


* Candidate in Technical Sciences, Tiazhpromelektroproekt 
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Fig. 1. Circuit diagram of the amplidyne—antihunt transformer unit. 


A = amplidyne, AT = antihunt transformer. 
(3) 


where Pr is the magnetic flux in the transformer core. The transformer 
core is usually assumed unsaturated; Ze is also assumed constant. We 
make the following substitutions: 


Solving equations (1) -— (3) simultaneously, we obtain the antihunt 
transformer operator 


(p) KT 


l 
(p) 2¢ 2 
U,(p) +1) 


The variable feedback amplidyne operator is given by 
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is the amplidyne operator which acts as a simple inertial link, if we 


assume only one time constant for the cross-field circuit 


T, is the cross-field circuit time-constant, 


AU 
K, = AF the amplidyne transfer coefficient, 
r 


To is the resultant m.m.f. of the amplidyne. 
Substituting the expressions for K,(p) and K(p) into (5) we get 


+ 1) 
+ 1)(T,p + 1) + KUK,T, 


(6) 


K(p) 


The characteristic vector of the amplidyne plus antihunt transformer 
can be obtained by replacing p by j)@ and introducing the amplidyne 


feedback winding parameters; 


Some simple transformations and the substitution 


T, = + + K KT, 
gave us the characteristic vector of the amplidyne-antihunt transformer 
unit, viz. 

(jw) KK (T,J@ +1) 


W = Go) = TTA) 
fb J AJ a’s 


If Te is neglected the expression becomes much simpler. Then 


jw +1) 


jw +i 


KK 


(8) 


W 


The vector can also be obtained from Morozov’s method of following 
for the self and mutual inductances of the amplidyne control windings. 
It then takes the form: 
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K, K +1) 
j(Tjw - )+ 1 bw?) 


W (jw) = 


T, + T, + T, = T, + T, + 


+ + T,) + + 


T, and T, are the time constants of the corresponding amplidyne windings. 
Usually 


+7) «7, +5, ¢ 


and therefore 


When deciding which of these three expressions should be used in 
practice it should be remembered that medium and large power amplidyne 
industrial units the amplidyne pass band has a cut-off at w = 8 - 10 sec 
This explains why the short amplidyne time constants have little effect 
on the transients, since normally Tw >> aw’ and 1 >> bw? when 
@ = 8 = 10 sec™'. 


Fig.2 shows the log frequency characteristics plotted from tests 
made on a 20.5 kW unit using an EMU-12A amplidyne, and TS—-72/60 anti- 
hunt transformer. The transformer settings were chosen to give 30 per 
cent over-shoot and fast damping. Fig.2 shows that the cut-off 
frequency is 6 sec-'. The maximum frequency is even smaller with 
larger units where the generator field winding time constants (T, ) are 
greater than 0.5 sec. 


Only when T, and the electromechanical time constant of the motor 
(T, ) are smaller (7_ < 0.5 sec, T, < 0.05 sec), does the cut-off 
frequency increase fo 10 sec™?: these values are not typical of 


large industrial units and will not be considered. 
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— — Calculation 
— Experiment 


Fig. 2. Frequency characteristics of the motor-generator plus amplidyne systen. 
1 - Allowing for the armature time constant, Ts 


2 - Without allowance for 


Prequency characteristics have been recorded on various combinations 
of three types of amplidyne with two types of transformer to prove that 
small time constants have practically no effect on transient response 
when the cut-off frequency is not more than 8 — 10 sec™*. Fig.3 shows 
the characteristics obtained with an EMU-12A amplidyne and TA-72/60 
transformer. These curves (and also (7) and (9)) show that the tran- 
sient performance of a system with w, < 8 - 10 sec™' is completely 
defined as T.. qT, and K,, and that the characteristic vector is given 


by (10). 


T, and A can be easily determined from the asymptotic characteris- 
tics via the conjugate frequencies @, and @,: 


T, and ‘. thus obtained are equivalent values if the transformer 
saturation is taken into account. The most accurate predictions of 
transient performance calculations are therefore to be expected when 
the T, and A values used have been determined in the operating voltage 
range of the unit. 
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| 
— Caiculatior 
Experiment 


1.0 5 20 3.0 4.0 60 8.0 10.0 


sec 


Fig.3. Log frequency characteristics of an EMU-12A amplidyne 
plus antihunt transformer (T, = 0.17 sec, T, = 1.2 sec). 


I, and T, calculated from name-plate data, differ considerably from 
test values. The data for the EMU-12A plus TS+72/60 may serve as an 
example. The circuit parameters for Fig.1 are: W. = W, = 900, 

=r,= 145 asl. 

The name-plate data for the TS—72/60 are Wie 


= 95 H; Woe = 1100; Toe = 10.3 ‘2; L.. = 5 H, 


= 4800; Tie = 232 12; 


These give: 


0.41 sec; 


10.3 + 145 


= 0.44 sec; 


u 


WAT, 


1.21; 


ALT, = 1.21 x 0.44 = 0.52 


The experimental K, of the EMU-12A (for the m.m.f.) is 5 V/A for 
armature voltages within the range 30 — 70 V. 
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But experiments on an EMU-12A plus TS-72/60 gave T, = 0.17 sec and 
T, = 1.2 sec. The frequency characteristics were taken with minimum 
transformer air gap using the windings fully without additional resis- 
tances. The amplidyne armature voltage varied from 30 to 70 V at low 
frequencies and the transformer’s primary current did not exceed 0.3 A. 


Thus the name-plate data gave transformer time-constants 2.7 times 
larger than did experiment. The calculated results with other types 
of amplidyne and transformer were also considerably different from 
experiment. 


Better results are obtained when frequency test data are used in the 
calculations. Fig.3 shows the experimental characteristics for a 
TS-72/60. The shape of the amplitude characteristic confirms that the 
transformer operator is actually 


U, (p) 
U, (p) 


Ki(p) 


The intersection point on the asymptote gives the conjugate frequency 
@ for the component L, (w) = 20 log MTX + 1) from which a can be 
determined and the amplitude at 10 - 15 sec™' gives K,. 


When measuring antihunt transformer frequency characteristics it is 
important to vary the primary voltage over the operating range encountered 
in circuit with the amplidyne unit. The test then give some effective 
values of T, and K’ which take into account the transformer core 
saturation. Fig.3 was obtained by using a primary voltage composed of 
50 V d.c. and 20 V a.c. The a.c. frequency varied from 0.1 - 2 c/s 
(w = 0.68 - 13.6 sec™*). The transformer core had no gap, the windings 
were used fully and additional resistances were not used. 


The data of Fig.4 gave T, = 0.2 sec; K! = 0.2. Then calculation 
gave 


.15; T, = 1.45 sec. 
These values of . and qT, are much closer to the experimental ones. 
When S and qT, have been determined it is possible to determine the 


transient performance rapidly with an accuracy sufficient for practical 
purposes, and hence to check the suitability of the transformer. 
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1.0 IS 20 3040 60 


Sec 


Fig. 4.Log frequency characteristics of TS—-72/60 antihunt transformer. 


As an example we may consider a 20.5 kW unit with an EMU-12A and a 
TS-72/60. a = 0.1 sec; T_ = 0.5 sec, the armature time-constant T, 
is 0.075 sec. K is 23 with 30 -— 180 V on the generator; T, = 0.17 sec 
and T, = 1.2 sec. 


The characteristic vector of the entire open loop system is equal to 
the product of those for the amplidyne-—transformer and generator-—motor 
units: 


K(T, ja + 1) 
(T,j@ + 1) + 1) (T jw - a*)) 


Wjw) = 


The log frequency characteristics are: - 


Amplitude: 


Lia) = 20 log K + 20 logy T, “w +1 


-20 logy T,*w* + 1 20 log VT + 1) 


-20 logy @ TT a*)* 


Tw 
= - tan” - w - tan’ (12) 
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Fig.2 shows these characteristics plotted from the above data. The 
experimental characteristics are also shown. Fig.2 shows that neglect 
of the armature circuit time constant leads to considerable error in 
the transient performance because of phase errors. 


Tests on several drive units showed that a phase margin of 30° gives 
entirely satisfactory transient performance. 
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A STATISTICAL ASSESSMENT OF THE STABILITY OF 
INDUCTION MOTOR CHARACTERISTICS * 


I.P. ISAEV 


Moscow Rail Transport Engineering Institute 


(Received 14 August 1956) 


The problem and essentials of the method 


In a number of induction motor applications the stabilities of character- 
istics dependent on manufacturing tolerances in the parameters have to be 
assessed. 


The actual parameters of identical motors always differ slightly from 
nominal so the characteristics will also differ from nominal. This shows 
why motors working in parallel on a single power drive are unequally 
loaded. Hence follows the practical interest of estimates of divergences 
in characteristics due to motor parameter differences. 


In essence the parameters which determine the motor characteristics 
are assumed to follow a normal random distribution law, with mathematical 
expectations and standard deviations for the parameters. 


* Elektrichestvo No.4, 64-69 (1957). (Reprint Order No. EL. 7) 
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4 statistical assessment of the stability of induction motor characteristics 


Statistical analysis of motor tests shows this to be so. By way of 
example, Table 1 gives the values, and Fig.1 the distribution curves, 


TABLE 1 


deviation, 
referred to mean 
value, % 


Theoretical nom-| Arithmetic means 
Motor parameters inal values from type tests 


4 


Resistance of stator 
winding (12) 


Rotor resistance 
(assumed) 


Slip, % 


Torque, kg-m 


for the stator resistance, rotor resistance (referred), slip and torque 
of KAMO-133-2 induction motors, as obtained in type tests at the Vladimir 


Il’ ich Works. 


Since the graphs are actually normal distribution curves, we may assume 
that the very general conditions of Lyapunov’s theorem for independent 
variables, or of Bernstein’s theorem for weakly dependent variables, are 
satisfied. According to this some function X of the independent vari- 
ables x, v, ... z, with mathematical expectations x, v, eee z, and 
corresponding small deviations k, l, ... q, may be represented accurate 
to the second order of small quantities, as follows 


X(z, v, ..., zt) t to 


t being a certain number. 


Considering X/x, v, ... z) in (1) as the mathematical expectation of the 
nominal motor characteristic, we may from equation (2) determine the stan- 
dard deviation of this characteristic as a function of the deviations in 
the parameters. 
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From Lyapunov’s theorem it is possible to state that, with a probab- 
ility ms si<- Q, the parameters will in practice remain within the 


bounds X to. 


Stability of characteristics in an induction motor 


We will first of all determine the effect of manufacturing tolerances 
in the resistances on the torque deviations at a given slip. 


The torque at the nominal parameter values is 


(r}/s) 


(sr, + ar})* + (x 


M = 
, + ax})?s?] 

The voltage is assumed to be constant at the nominal value and the 
voltage system to be symmetrical. 


Since the parameters are statistically distributed we will assume: 


= o 
t to x, 1° 


x, t 


The bars denote the nominal resistances and reactances, respectively, 
o being the standard deviation; t is a certain number. 


The incremental torque due to small resistance and reactance increments, 
accurate to quantities of the second order, is 


and according to equation (2) the deviation of the motor torque is given 
by 


om \? 


Oo 
ox’ x2 
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Determining the partial differential coefficients from equation (3) 
and substituting into them the mathematical expectations for the motor 
parameters, we find that 


( ar.) 


In practical calculations it is sometimes more convenient to use a per 
unit basis, relating to operation under the nominal conditions. Using 
the notation 7. ‘a= 7, (and analogous notations for the partial stan- 
dard deviations of the other parameters), and dividing the right-hand 
side of equation (4) by the square of the nominal torque, we get: 


This relative standard deviation formula for the torque enables us to 
estimate the effect of changes in the stator and rotor resistances and 
reactances. 
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It is clear from equations (4) and (5) that the torque deviation is a 
variable quantity which depends on the operating conditions to which the 


deviation is referred. 


When the slip is small, i.e. om the stable part of the motor charac- 
teristic, we may assume s* ~ 0 and sin*d? x 0. Consequently, the torque 
deviations will be defined by the following equation: 

2ar’? 
2 


r.s 
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Pig. 2, 
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As an example, Fig.2 shows the graph (based on (5a)), for the variation 
in the standard deviation of the torque of KAMO-133-2 motors with slip, 
where r,=1.77 ohm; r, = 1.565 2; a= 1.03 and s. = 0.075. 

Equation (5a) shows that at small slip the torque deviations are deter- 
mined, other things remaining equal, by the rotor resistance tolerances. 
Stability of rotor resistance within reasonable limits is therefore above 
all else essential if the desired stability is to be obtained. 


As methods of stabilising the short-circuit rotor resistances in large 
induction motors we may recommend the following: (a) selective checking 
of the rotor bar blank sizes; (b) selective checking of bar material 
resistivity and (c) use of electric contact welding on the bars instead 
of autogenous welding, since the latter is liable to leave porosities or 
cavities at the seams which render the phase resistances unequal. 


Equations (4) and (5) show that the torque deviations on starting 
(s = 1) are primarily affected by the tolerances in stator resistance 
and reactance. In this case the rotor resistance tolerance is of less 


importance. 


The effect of tolerances in any particular type of motor at a given 
Slip may be estimated from equations (4) and (5) for the appropriate 
mathematically expected parameters. 
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In general, the standard deviations in the parameters of the various 
phases may differ. The symmetrical components method, supplemented by 
statistical considerations, may be used to study the deviations in the 
characteristics of such an “asymmetric” motor. 

However, let us consider the simpler case in which the standard 
deviations of the phase resistances are assumed to be equal. 


Knowing the standard deviations of the parameters, we can determine 
the standard deviation in the torque. With nominal parameters the maxi- 
mum torque is given by equation (6), viz. 


where 


2a°9. 81°27 


The increment in the maximum torque due to increments in the resistances 
and reactances is 


where Tose Tu! and o_, are the standard deviations of the corresponding 
parameters. 


Determining the partial] differential coefficients from equation (6) and 
substituting into them the mathematical expectations for the parameters, we 
get from equation (2) the standard deviation in the maximum torque, viz. 
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Analogously, we may also find the standard deviation in the slip 
corresponding to this maximum torque. For this purpose we use the 
expression which defines the critical slip, viz., 


x1 g r2 


\ oz or 
\ 2/ 


Determining the partial differential coefficients from equation (8) 
and using the mathematical expectations applying to their parameters, 
we get 


+ (2 


+ ax.) 


This gives the standard deviation in the slip corresponding to the 
maximum torque. Comparison with equations (7) and (9) shows that the effect 
of deviations from nominal in the winding inductances on the critical slip 
deviation may be neglected in the practice, and that we may consider o, 
as independent of o.. and Ono On the other hand, deviation of the 
inductances from nominal has a considerable effect on the deviation of 


the maximum torque. 


A lucid representation of the effect of tolerances on the motor 
characteristic stability is obtained if the origin of a system of ortho- 
gonal co-ordinates (s,M) is made to coincide with the point of maximum 
torque, and the deviations to. and to, are laid off along the axes 
(Pig.3). The locus of possible standard deviations in the maximum 
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torque will then in general be represented by the ellipse 


c + s = 1 
Vee 


The locus of the limiting deviations in the maximum torque will also be 
an ellipse in this system of co-ordinates, being 


= 
to... toy, 
obtainable from the previous ellipse by a t-fold increase in the semi-axes. 


Parallel operation of induction motors 


The deviations in the maximum torque and in the corresponding slip due 
to deviations in the parameters are responsible for variations in the 
motor characteristics. 


Motors with differing characteristics operating in parallel in the 
same electrically-driven system will have the load non-uniformly distri- 
buted between them, which is usually undesirable. 


To assess the effect of deviations in the motor parameters on the non- 
uniformity of load distribution for operation in the range 0< s Rs. 
we use the equation for the mechanical characteristic, viz., 
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M 2(1 + €) 
/ j 
s/s, + s/s, + 2€ 


We found above that s. is a function of the parameters and of the 
tolerances, given in general as s_ = s. + to,., and that M.=M + toy,. 


To render the results more general, we will assume that under load the 
motors show a o, not dependent on manufacturing tolerances and determined 
by the operating conditions. In this case the torque increment for 
small increments m s, s. and M,, is determined by 


OM OM 
= —ds + —ds 


Qs és 
c 


and, according to equation (2), oy becomes 


amu’ ry 2 
a5 s aM ve 
c m 


Differentiating (10), we find that w. under these conditions is 


2M, (1 + €) 


(s + so +2€ss.) 


or, in relative units, 
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Let us assume that the motors are “ideally” produced, i.e. that their 
parameters are exactly the nominal ones. In this case we have to put 
Toe = lu, = 0 in equation (12), derived from equations (7) and (9). 


Hence, 


Consequently, the load divergence will be determined by the slip 
divergence which, in turn, is determined by the conditions of operation. 
Conversely, if such a divergence is impossible, i.e. 7, = 0, and the 
motors are produced with due tolerances, the differences in the loadings 
will be completely determined by the deviations in their parameters, viz. 


l 


2 
+= = == 
Mao (s* + + 2€ss)? 


32 
(s° +s. - 2s (=) ore (14) 


Therefore equations (11) and (12) enable us to solve two practical problems, 
viz. either by assuming the tolerances as given, to determine the permis- 
sible slip divergence from the permissible torque divergence or, conversely, 
to assume the slip as given and to determine the permissible standard 
deviations in the parameters from the permissible torque divergence. 


(3? 52)? 4 


By way of example, we shall solve the first of these problems for the 
induction-type traction motors used in individual-drive a.c. locomotives. 
We will define the wheel-pair rim tolerances so that the induction motors 
in the electric locomotive one-hour rated have the same torque divergence 
as the DPE-400A d.c. motors used in VL-22™ electric locomotive under the 
regulations in force (a divergence in the wheel rims of 15 mm produces a 
divergence of about +4 per cent in the DPE-400A loadings when the motors 
are connected in parallel). 


This problem has become very important nowadays since various a.c. locomotives 
are being developed. We use equation (11) in which we assume that 
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The standard deviation in the wheel diameters, as related to the para- 
meters of induction-type traction motors and the locomotive operating 
conditions, is given in the following general form 


-, -, 
n 
+ + 2€ss_) 


n 


Table 2 gives the diameter differences given by this equation, for 
three types of electric locomotive with induction-type traction motors, 
viz. OT, OD-1, and OD-II, designed by the NEVZ-Works “Budennii”. 


TABLE 2 


Nominal diameter of 
rim (shrouding) of 
wheel pair, (mm) 


Permissible wheel diameter 
deviation (mm) 


Type of electric 
locomotive 


OT 1200 
1050 


OD-1 1200 
1050 


OD-2 1200 
1050 


Equation (14) shows that the load divergence is a variable quantity, 
dependent on the operating conditions. Let us determine from (14) the slip 
at which the load difference in parallel operation is a maximum. 


The condition to be satisfied is that 
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Carrying out the differentiation and assuming that the terms contain- 
ing € will involve higher powers of s than the others, we get approximately 


(subject to the conditions Swe = 0): 
s* ~2ss?+s* = 0 
c c 


whence under operating conditions the maximum value is s,/ = 0.412 So 
i.e. the maximum torque divergence of parallel motors allowing for 
manufacturing tolerances in their parameters, occurs at about 40 per cent 


of the critical slip. 


When we know Sy. we can determine oy, if we substitute s = s! = 0.412 s. 
into equations (14). 
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Pig. 4. 


Fig.4 shows by way of example the relative and absolute standard 
deviations in the torques of type KAMO-133-2 motors, determined from 
following data: 

1.565 \2 . 075; =s = 0.10. 


c scO 


The above statistical study of the stability in induction motor 
characteristics enables one to assess the effects of tolerances in various 
motor parameters scientifically, and to attempt to standardize the toler- 
ances on the basis of the detailed operating conditions and special duties 
involved, 


The statistical method explained above is of general application and may be 


extended to any other type of motor. 
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THE PROBLEM OF IMPULSE TESTS OF THE 
TURN INSULATION OF AN H.V. MACHINE* 


B.A. ALEKSEEV and V.B. KULAKOLSKII 


There is so far no practical method of calculating the impulsive 
voltages in the windings of electric machines, viz. on the sections and 
turns in any special part of the winding. Theoretical studies in this 
field have not yet reached a stage where calculations can be based on 
them [1]. Experimental investigations give a good idea of the maximum 
pulse voltages on the first turns of the winding [2], but they do not 
give adequate data on the voltages across the remining turns. But a 
knowledge of the pulse voltages on turns in the centre of the winding, 
though not necessary for surge protection purposes, is indispensable for 
turn insulation test purposes. 


In recent years two basic methods have been used for testing the 
turn insulation of assembled windings, viz. travelling-wave tests 
effected by applying impulses to the ends of the winding [3) and tests 
based on induced pulse voltages; the latter are carried out by inducing 
these voltages successively in each pair of winding sections, using a 
special impulse inductor [4,5]. 


Basically the travelling-wave test is more convenient, particularly 
when applied to large slow-running machines, because neither withdrawal 
of the rotor nor successive testing of all sections of the winding is 
required. On the other hand, this kind of test is usefully applied 
only when the turn-voltage pulses in any part of the winding are 
sufficiently high to test the winding insulation effectively and are 
obtainable with a pulse amplitude not exceeding the permissible test 
voltages on the frame insulation. For this reason the turn-voltage 
distribution over the winding affects the choice of turn insulation 
test method greatly. 


The way various factors influence the turn-voltages in the windings 
of electric mchines must, therefore, also be studied. Pulse tests on 


* Elektrichestwo No.4, 75-79 (1957). (Reprint Order No. 
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machines of various powers and voltage ratings were, therefore, carried 
out; the most typical results are tabulated below. 


Set-up and test method 
The data were measured on the machines with a specially designed 


portable set-up 10 -— 1, consisting of a pulse oscillograph with built-in 
surge generator. 


The generator provides pulses of amplitude up to 350 V, with 0.2 — 5yusec 
fronts and relatively flat tails at a repetition frequency of 50 c/s. The 
wave is applied to one end of the winding, the other end being earthed. 


The time required for the wave to travel along the winding was 
determined by measuring the voltage at the open end. The period of the 
voltage oscillations from the time marks was assumed to be equal to four 
times the travelling time. The characteristic impedance was assumed to 
equal the resistance connected to the end of the winding, across which 
the amplitude of the voltage was half the voltage at the open end. 


Minimum impulse voltages on sections 


The general pulse voltage distribution on the windings of medium- 
power motors was investigated in the Central Electrical Research 
Laboratory between 1950-1952: these investigations have been reported 
(2,6). In 1954-1955 the voltages set up on the winding sections of 
larger electrical machines were determined; these windings differ 
considerably from motor windings in size, of number turns in the 
sections, etc. The voltage across a section is determined by two 
factors, viz. the steepness of the wave front and the electrical length 
of the section. As the wave penetrates into the winding, the steepness 
of the front is reduced and so the section voltages decrease. Table 1 
and Fig.1 illustrate the relationship between the minimum section 
voltage and the number of winding sections for several electrical 
machines. 


The second factor which influences the minimum section voltages 
considerably is the electrical length of the section, as is seen in the 
table. 


Therefore, we may assume that for basket (double-layer) wound 
machines, the section voltages depend, to a first approximation, on the 
number of sections per phase or parallel branch, and on the wire 
length in the sections. 
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"le 


Minimum section voltage 


40 60 0 
No. of sections 
Fig.1 Relationship between minimum voltage on section and 
number of sections. 


Electric length of section 0.21 — 0.25 u sec; length 
of wave front 0.6 uw sec, 


The number of turns in the section, length of active steel, etc., 
do not influence the section voltages directly. But the number of 
turns in the section is the basic factor determining the turn 
voltages. 


As is well known [2,6,7], pulse voltages are uniformly distributed 
over the turns of a section. Consequently, the turn voltages are 
inversely proportional to the number of turns (other things being 
equal). 


Effect of the type of winding 


The section voltage distribution in a real machine winding when a 
pulse is applied differs considerably from that in a circuit consist- 
ing of identical LC and attenuating elements. The section voltage 
distribution curve along the winding is not smooth but stepwise, the 
shape being dependent on the winding circuit and on the spatial 
disposition of the winding sections. 


Inductive coupling between the parts of the winding is the main 
operative factor. 


Tests on a model of part of a medium-power motor stator with inserted 
winding sections have shown that the sections, and hence the groups, 
mostly influence one another electromagnetically. 


| 
| 
i 
a} « + + + + + + + 4 ‘ 
i 
a 
1958 
aa 
ike 
] 
+ 


Impulse tests of turn insulation of an h.v. machine 


If the section ends are screened electrostatically during the tests, 
the section voltages are practically unaltered. Sections with sides 
in the same slot and parallel sections placed in a row interact most 
strongly. The magnetic couplings are responsible for the way in which 
the section couplings strongly influence the section voltage distributions. 
A group of sections round one pole pair has several strongly coupled 
parallel sections in a row. In impulse winding tests the section 
voltages appear related in amplitude because the group sections are 
strongly coupled. 


Groups belonging to the various parallel branches of one phase 
influence one another. Several parallel branches connected to one 
phase show a certain rise in section voltages relative to a single 
branch. This is due to the increased number of grouped sections or, 
which is equivalent, to the stronger magnetic coupling. 


When a pulse is applied to two phases, the phases influence one 
another. This is of great importance because when the turn insulation 
is tested in a bridge circuit, the pulse is usually applied to the 
two phases compared. The different current directions in the different 
phase sections lying close together produces demagnetization while 
reinforcement takes place when the parallel branches on one phase are 
used. 


Modern machine winding circuits with shortened pitch use different 
phase sections placed in one slot. Such sections, and also the series 
and parallel sections of another phase determine the minima of the 
winding distribution curve. These minima are particularly marked when 
the ordinal numbers of the sections of the different phases in series 
are near together. The demagnetization is then caused by current pulses 
of similar form and amplitude because the windings shape the pulses 
to the same degree [8]. 


Fig.2 shows section voltages measured on one phase of a motor when 
the impulse is applied to one and to two phases. The marked minima 
correspond to sections placed in the same slot when the second phase 
sections are in circuit. Fig.2 shows that with two different phase 
pairs (1-2 and 1-3) the section voltage minima correspond to 
different phase sections, this being the object of the winding design. 


It is possible to avoid section omission due to gaps in the section 
voltage distribution curve by testing all three phase combinations 
(1-2, 1-3 and 2-3) successively. In this case, the winding sections 
(e.g. of phase 2), which are only weakly tested with one phase pair 
(1-2), will be tested at the normal voltage when the second phase pair 
(1-3) is used. 
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Pole groups of first phase 
6 $ 1§ 
Section number 
(c) 


i 
T 


3 


Section voltages in a Ist phase branch with different 
testing circuits. 


(a) Simultaneous test of Ist and 2nd phases; 
(b) Simultaneous test of Ist and 3rd phases; 


(c) Simultaneous test of Ist and 2nd phases connected 
in opposition. 


Full lines: tests on Ist phase alone; 


Broken lines: simultaneous test of phases. 
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There is another method by which gaps in the section voltage curve 
can be avoided, viz. one phase is tested together with another connected 
in opposition. In this case the different phase conductors in one slot 
will reinforce and not demagnetize one another. 


The variation of minimum section voltage in a motor winding (6 kV, 
200 W, 375 r.p.m.) with the test circuit is illustrated by the 
following data: 


Minimum section 
voltage of phase 1 
(%) 


Phase 1 only 6.5 
Phases 1 & 2 (equidirectional connexion) 4 
Phases 1 & 3 (equidirectional connexion) 4 
Phases 1-2 & 1-3 (general result) 7.8 


Phases 1 & 3 (connected in opposition) 7.5 


The most informative tests are those using two phase pairs or phases 
connected in opposition. The minimum section voltage then exceeds that 
involved in testing a single phase. 


Turn insulation test voltages required 


Turn insulation tests are obviously of value only if the test 
voltages on the turns are sufficiently high to reveal insulation defects. 
The voltages adopted for works tests are usually 50 per cent of the 
minimum breakdown voltage for new insulation of that particular thick- 
ness and structure. 


There are no generally accepted recommendations for testing the 
insulation of machines in service. Hence tests were carried out on 
insulation with artificial defects, which showed that the breakdown 
voltage of faulty turn insulation was determined by that across the air 
gap between turns, and remained sufficiently high whatever the damage 
type. For example, the turn insulation breakdown voltages of single-layer 
micafolium sections after a fracture in two directions at right-angles 
did not fall below 900 V. 
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In other sections, with the turn insulation completely stripped 
while the conductor spacing had been maintained at the original insula- 
tion thickness, the flash-over voltage between turns remained higher 
than the works test voltages for section turn insulation on sections 
not in the same slot. Only when the inter-turn gaps are reduced to 
~1/100 mm are the works test voltages sufficient to produce spark- 
over between turns. 


At atmospheric pressure the breakdown voltage of an air gap of 
practically any width is never less than about 350 V max (9). 
Extrapolation of an experimental curve of breakdown voltage vs. distance 
between two parallel 2.5 x 5.5 mm conductors gave about the same value. 
The curve was taken from 0.03 to 0.1 mm and extrapolated to zero. 


We have therefore to consider 350 V max as the lower limit of turn- 
insulation test voltages; tests at lower voltages can only detect 
complete short-circuits. 


Insulation defects between conductors at spacings up to 0.1 mm can 
be detected with test voltages of 350-1000 V max. So, tests at these 
voltages can only detect a fraction of the winding insulation defects 
occurring in the practice. When the inter-turn spacings are 0.01 mm 
(having breakdown voltages of the order of several hundred volts) the 


gaps may be closed by comparatively small forces. For example, the 
gap between the bare turns of a synchronous condenser section (6.6 kV, 
15,000 kVA, 7500 r.p.m.), which had been brought close together in 
winding (breakdown voltage at the power frequency 480 V) was closed by 
applying a force of 11.3 ke, despite the considerable cross-section of 
the turns (sixteen conductors each of 6 mm* section). 


It is therefore always necessary to try to raise the test turn 
voltages to about those used in works tests, which are determined by the 
turn insulation design and thickness. Lower test voltages (but not below 
350 V max) are only justified when sufficiently high voltages cannot be 
produced by methods acceptable in practice. 


Ways of turn insulation testing in electric machines 


The tabulated data indicate that it is practically impossible to test 
the turn insulation of electric machines with travelling waves when the 
number of turns in the individual sections is great (nine to ten, or more). 
When the applied surge amplitude does not exceed the standard test 
voltage (i.e. 7 kV for machines rated 3 kV, 14kV for machines rated 6 kV, 
and 21 kV for machines rated 10 kV), the turn insulation in the centre of 
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the winding may receive only about 100-200 V, which is obviously 
insufficient. With these machines it is at present more expedient to 
test with induced impulsive voltage [4,5). 


However, if the machines have few turns per section, travelling-wave 
tests are often possible. For example, with a synchronous condenser of 
6.6 kV, 15,000 kVA, 750 r.p.m. minimum turn impulse voltages of about 
750 V may obtain, with a hydrogenerator of 13.8 kV, 55,000 kW, 

62.5 r.p.m., about 550 V; in both cases the test voltage amplitude 
will not exceed the values permissible for frame-winding insulation tests 
under service conditions. 


When each phase is tested twice (in cyclic combination with each of 
the other two phases) the minimum turn voltages can be raised slightly, 
as shown above. 


Summarizing, machines for which annual rotor withdrawal is not 
stipulated (generators, synchronous condensers) and on which turn- 
insulation test induction is consequently difficult to carry out, it 
is often possible to test by travelling-wave methods, i.e. by applying 
impulses to the ends of the phases. 


The test turn voltages can be predicted by impulse tests during pro- 
duction or on rewinding. If results of such tests are not available, 
a decision on the advisability of using an impulse bridge-circuit for 
testing the turn insulation can be obtained by comparing the winding 
data with previously derived numerical values. Knowing the number 
of winding sections and the electric length of a section, the probable 
turn voltages may be predicted from the curve relating the section voltages 
to the number of sections (corrected for the electric length of a 
section) (FPig.1). 


The above correction is unnecessary since, with sections with 
compounded insulation and a total conductor length ? 20 m, the electric 
length will usually be below 0.3 u sec. 


Determination of the electric length of a section from the wave 
propagation data for windings given in “Regulations on Surge Protection 
may lead to incorrect results; experience shows that the true speeds 
may differ considerably from the average values given. 


For example, for a 55,000 kW, 13.8 kV hydroelectric generator, the 
velocity of propagation is given as about 15 m/u sec, but in reality 
it approaches 75 m/u sec; for a 5000 kVA, 6 kV synchronous condenser, 
it is supposed to be about 25 m/u sec, but is in fact not more than 
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14 m/u sec. This is because the relationships on which the data are 
based are unrelated to the concrete features of each machine, viz. number 
of parallel branches, number of turns per slot, method of insulation, 
winding design, etc. 


A method of calculation which would give the basic impulse parameters 
of the windings and, particularly, the wave propagation velocity from 
the concrete winding and design data of any machine is much to be 


desired. 


Conclusions 


(1) The minimum inter-turn test voltages for a given test surge 
voltage depend above all on the number of turns in the section, on the 
number of sections in the branch or phase, on the total wire length in 
the section and on the surge wave propagation velocity in the winding. 


The relationship between the latter velocity and the design parameters 
has not yet been firmly established; in many cases the data in 
“Regulations on Protection against Surges” will not be sufficiently 
close to the measured values. 


(2) The impulse voltage distribution over the winding sections 
depends strongly on the group sequence, which controls the strong 
electromagnetic coupling between winding sections. 


In bridge tests using two phases of the winding, the relative 
disposition of the tested branch or phase sections (particularly if 
the pitch is shortened) has a great influence, and the current 
directions in the tested phases, have a marked influence: the currents 
in the phases or branches must have opposite directions if its section 
voltages are to be raised. If this is impossible, all three phase 
combinations must be tested. 


(3) Turn insulation tests are of value only at turn voltages ¢ 350 V 
max. The main point in choosing test methods and circuits is to ensure 
test turn voltages about equal to those used in works tests. 


(4) The preferred method for testing large electric machines, 
particularly hydroelectric generators with many slots, is to apply a 
surge voltage to the end of the winding (travelling-wave test), if 
this assures sufficiently high turn voltages. 
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(5) The inter-turn voltages expected in travelling-wave tests can be 
calculated approximately from the machine winding data. As a rule, the 
test voltages will be sufficiently high in machines with few (two to four) 


turns per section, 
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VOLTAGE GRADIENTS IN A LONG-SPARK LEADER CHANNEL* 


V.P. LARIONOV 
The Lenin All-Union Electrotechnical Institute 


(Received 11 June 1956) 


Komelkov [1] was the first to show that the leader structure is rather 
complex in a long-gap spark in air. An extensive ionized region occurs 
at the tip of the narrow leader channel. This region is composed of 
separate streamers, i.e. thin, long channels so numerous in the case of 
a positive discharge that the whole ionized region resembles a cascade 
of luminous filaments issuing from the tip of the leader. The electrons 
released at the fronts of the streamers rush along the streamer ducts 
into the leader channel, leaving positive ions in the ionized region. 
As the leader penetrates more deeply into the interelectrode space, new 
streamers appear as the old ones are extinguished, giving an immobile 
space charge envelope around the narrow leader channel. 


The narrow leader channel (the “core”) in direct contact with the 
electrode provides a path along which electrons flow to the electrode 
in a positive discharge. The voltage gradient along the leader channel 
determines the ionization conditions at its tip and is therefore the 
most important parameter. However, this parameter has not yet been 
fully investigated. 


The mean longitudinal gradients were studied at the All-Union Institute 
of Electrical Engineering by producing an artificial step in the leader 
channel [2]. The current in the step was first assumed to produce a 
state of arc-conduction in the channel, the second assumption being that 
the leader tip potential is unaffected by this, i.e. that the abrupt 
drop in spark-gap voltage at the instant of producing the step determines 
the voltage across the channel. Thus, the mean gradients were determined as 
follows: 


where U’ is the abrupt drop in spark-gap voltage. 
l, is the leader length at the moment of producing the step 


E. is the voltage gradient in the arc channel. 


* Elektrichestvo No.4, 80-81 (1957). Reprint Order No. 
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Voltage gradients in a long-spark leader channel 


Pig. 1 Leader current and leader tip velocity. Spark gap “rod-plane”, 
100 cm long. Discharge circuit resistance 2.5 k‘l. 


While the first assumption is certainly correct, the second is 
obviously without foundation. Experience shows that where the step has 
been formed the current and tip velocity increase considerably; this 
can only be attributed to an increase in field strength at the tip and 
therefore to an increased potential on the tip itself. The sudden 
voltage drop at the instant of step formation does not by any means give 
the full voltage across the leader channel, so the mean longitudinal 
voltage gradients calculated from this voltage drop are too low. Using 
a 200 cm rod-plane gap, the lower values obtained by this method for 
the mean voltage gradient along the positive leader channel when this 
was 120 — 140 cm long were found to be between 1200 and 1600 V/cm with 
discharge circuit resistances of between 140 and 400 kf) respectively [2]. 
These figures show that the picture if the developing leader as a highly 
conducting almost equipotential channel (longitudinal gradients ~ 10 V/cm 
is not consistent with physical facts. 


The longitudinal gradients may be expected to decrease in time owing 
to the increased current heating the leader channel. It is here of 
interest to consider the final stages of leader development. 


The abrupt drop in spark-gap voltage when the main discharge strikes 
can be regarded as the sum of the voltage across the leader channel and 
the potential of its tip immediately before reaching the plane. Thus, 
assuming that the tip potential is zero near earth, it is possible to 
obtain a value, which we know to be exaggerated, for the mean longitudinal 
channel gradient at the instant immediately preceding the main discharge. 
The gradients obtained under the above test conditions were between 1000 
and 1600 V/cm, regardless of the discharge resistance (in 42 tests the 
drop was between 230 and 370 kV). 
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Pig. 2 Distribution of the excess positive charge along the leader 
(for the discharge of Pig. 1). 


Thus, the lower limit for the mean channel gradient determined when 
the leader bridges 60 — 70 per cent of the spark gap is between 1200 
and 1600 V/cm, and the upper limit, determined immediately before the 
leader reaches the plane, is between 1000 and 1600 V/cm. This shows 
that the mean longitudinal gradient decreases considerably during 
development. 


The channel current, 1, is given by 1. = nev, where v is the tip 

velocity, e the electronic charge and n the number of electrons leaving 
the channel per unit increase in length (ne is numerically equal to the 
linear excess positive space charge density in the leader envelope). 
On the other hand, 1 may be expressed as the number of electrons released 
during ionization per unit length of the leader, n’, and by the electron 
drift velocity, v’ produced by the longitudinal gradients in the channel, 
viz. 


ji = nev = i.e. (2) 


As the tip of the leader approaches the plane, the leader current 
and the tip velocity increase considerably. Of the two, the current 
grows more rapidly, which means that the linear density of excess charge 
increases in the lower part of the leader. The variation in leader 
current and tip velocity in the rod-plane gap is shown in Fig.1. 
In 5 usec (from 3 usec to 8 usec) the current increases ten times, the 
tip velocity five times, and their ratio ne = 1/v two times. The 
distribution of linear excess charge density along the whole channel 
for the same discharge is shown in Fig. 2. 
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Voltage gradients in a long-spark leader channel 


v' is less than v [3]. Am increase in ne along the leader channel 
therefore means, in accordance with (2), an increase in n’ in the 


channel plasma. 


Let us consider the discharge records for the rod-plane gap shown in 
Fig.3. The records were obtained with a high-speed rotating camera with 
a ‘Jupiter-3’ lens, by the well-known method [1] of photographing 
simultaneously through a number of slits at different distances from the 
plane. The records show that at any particular instant (the times are 
determined by reference to the instant when the main discharge strikes) 
the channel diameter (“core”) is almost constant throughout the length. 


7 
n,=6 cm 


Fig.3 Time-base records for the leader channel. Rod-plane gap, 

150 cm long. Discharge circuit resistances 28 kil; A = distance, 

between the leader tip and the plane; 1 - leader stage of the 

discharge; 2 - main discharge. Side branches round the main 
channel are visible in the bottom record. 


The higher linear electron density in the lower part of the channel 
(of constant diameter), indicates a higher conductance and a lower 
longitudinal voltage gradient. The initial voltage gradients therefore 
vary along the leader channel, being higher at the top, and lower at 
the bottom. The gradients should fall with time, particularly in the 
older parts of the channel, owing to thermal ionization. 
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Voltage gradients in a long-spark leader channel 


Since the linear excess positive ion density is constant 


(ne = i/v % const.) Loeb [3] assumes the leader channel homogeneous 


throughout its length and the voltage gradients constant along the 


channel. 
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MEASUREMENT OF EARTH RESISTANCES* 


A.B. OSLON 


Zlatoust 


(Received 28 August 1955) 


A three-electrode circuit is used to measure the resistances of an earthing 
system, these being: the earth electrode (earthing circuit), the current 
electrode and the potential electrode. All quantities referring to the 
earth electrode are denoted by the K, those referring to the current 
electrode by subscript 7 and those referring to the potential electrode 

by P. 


958 


Current is passed through the earth and current electrodes. The potential 
of the circuit is measured via the potential electrode. The earth resis- 
tance equals the measured potential divided by the current passing. 


In Fig.1 the voltmeter and ammeter are instruments specially designed 
for measuring the resistances of earthing systems. 


It is usually assumed that the 
T current and earth electrodes must be 
sufficiently far apart not to distort the 
(a) field and that a sufficiently large zero 
(~) potential zone remains between them. 
The potential electrode must be placed 
in the zero potential zone [1,2]. 


Let us assume that we already know 
Pig. 1. the earth resistance of the circuit Ry. 
Is it then possible, having placed the 
current electrode at an arbitrary point, to so locate the potential elec- 
trode that the measured resistance is equal to Ry? If this is possible, 
how can we determine the ‘locus of precise measurements’ ? 


To answer this question we will use the analogy between an electrostatic 
field and the field due to a current in a conducting medium. 


© Elektrichestwo No.2, 86-58 (1957). [Reprint Order No. EL. 10) 
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Measurement of earth resistances 


Maxwell’s equations with potential coefficients for the three electrodes 
are 


dy = Ong ly + + 
tp = + + Applp 
Current flow from the electrodes into the ground is taken as positive: 


Neglecting the current drawn by the voltmeters we get: 


Assuming a., = 
The actual earth resistance 


Ry = K 


If Raeas = Ry, the following condition must be satisfied: 


Opp = + (2) 
Equation (2) is the answer to our question. From this we can draw the 
following conclusions: 


(a) It is theoretically possible to measure earth resistances accurately 
when the measuring and earth electrodes are placed arbitrarily close 


together 


(b) When the measuring electrodes have been placed in a certain way, the 
result of the measurement is independent of which is the current electrode 


and which the potential electrode. 
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Measurement of earth resistances 


From (a) it follows that the measurement may be accurate even when the 
current electrode distorts the field of the earth electrode, and from (b) 
that the second electrode need not necessarily be placed in a zone of zero 
potential. 


We will demonstrate the usefulness of (b) for any measurement performed 
by the ‘three-point’ method used for obtaining potential distributions 
in the field, measuring the footing-resistances of steel towers connected 
through earth wires, when the earthing 
circuit is disconnected from the base of 
the tower, etc. For this purpose we 
will represent the measuring circuit as 
a passive four-terminal network, all 
elements being linear over the entire 


current range. In Fig.2, 1’ and 2’ 
represent the earth electrode, 1 the 
current electrode and 2 the potential 
Fig.2 electrode. 


The following relationships apply to such a four-terminal network: 


= WU, + DI, 


Assuming I, - 0, we get 


Let us reverse the current and potential electrodes, (Fig.3). We then 
get 


then I, = 0 and 


The identity R = R¢ is the 


meas meas 
most general demonstration of (b). 


We give below examples of electrode 


sitings satisfying equation (2). In the 
examples the soil is assumed to be 
homogeneous and of resistivity p. 
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Measurement of earth resistances 


A concentrated earth electrode 
An earth electrode will be termed concentrated if its field is radial 


and spherical, at a short distance away (~ a few metres). At this 
distance (2) 


where ryy is the distance (subscript WV denoting any measuring electrode). 


Since the measuring electrodes are concentrated electrodes, we always 
have 


277 "Kp 


These expressions and equation (2) show that for the earth resistance 
measurement to be accurate we must have 


gn r 
"rp = _AT KP 
"xT * "xp 


In practice it is desirable that the total lead length to the measuring 
instrument (Tyr + Typ) should be a minimum, this being the case when 


"xT = 


If er must not be less than a certain value for some reason, the same 
condition must be imposed on ep» since the conditions applying to both 
electrodes are similar. In this case 


The relative positions of the electrodes are indicated in Fig.4. 
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Measurement of earth resistances 


A radial earth electrode 


The equipotential lines of a radial earth electrode on the surface of 
the ground are ellipses, so 


where a is the semi-major axis, and “c” the focal 
distance, equal to the length of the earth 
electrode l; instead of 87 we took 47, because 
the ground represents a half-space. 


Hence, 
x 


p 2a + l 
n 
27 l 2a l 


Fig.4. Recommended a 
positions for the KM 
measuring of elec- 

trodes when testing 


a small earth where 2a is the sum of the distances from the 


electrode 
a measuring electrode to the ends of the radial 
TP KP kT’. earth electrode. 


We will measure Ky from the mid-point of the earth electrode. 


When "xr = "Rp (Pig. 5) 


_ p p 
“KM 2 47r 
TP 


where x and y are the co-ordinates of the 
measuring electrode in the first quadrant. 


Hence, 


Fig.5. Resistance measurement for a radial 
earth electrode. 1. Lines along which 
equation (4) is satisfied for symmetrical] 
disposed electrodes. For these, x’ = y’V/15; 
2. Lines of accurate measurement (columns 3 
and 4 of table). 
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Measurement of earth resistances 


We will find the relation between x and y which assures accurate 
measurements. From the equation of an ellipse 


we have 


b?(a* x?) 
a? 


We have, therefore, obtained a single-valued solution applicable to 
measuring electrodes disposed symmetrically about the y-axis. 


The measured data are given in the first six columns of the following 
table. As fundamental datum we took the semi-minor axis 6 of the ellipse. 


All distances are in metres. 


a/o emphasises that the result is independent of the character of the 
soil (o is measured in ohm-metres). 


TABLE 1 


PT 


| 


| 0.00564 | 0. 0282 | 0. 126 


0.0460 | 0.0230} 1. 0. 0625 
| 0.0284 | 0.0142 0. 0315 
19.4 | 0.0154 | 0.0077} 5.0 | 0.0158 


29 0. 0104 


0.0052 | 7.47 | 0.0108 


| 


Let us assume that / = 20m, the earth electrode diameter to be d 
sunk to a depth t = 50 cm. 


For a radial earth electrode (1) 
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Measurement of earth resistances 


In our case Rx = 0.099. 


The table shows that when x has the values given in column 3, we get, 
with the values of y in column 4, Apr = ayy and AR, = 6. 


The last three columns show the error of measurements when the electrodes 
are placed to correspond with equation (4), i.e. on the lines 1 (Fig.5). 
y’ is assumed equal to y, in which case we get practically 1 ey = Oypy- 


The table shows that when the electrodes are arranged to correspond 
with equation (4), distances of 1/2 from the mid-point of the radial earth 
electrode to the measuring electrodes are sufficient to assure an accuracy 
of 5 per cent. 


Circuit consisting of linear horizontal segments 
(polygon, star, etc.) 


Each linear segment 1 sets up a potential 


I; 2a; + l; 


= 
2nl; 


the measuring electrode where 2a, is the sum of the distances from the 
measuring electrode to the ends of segment 1; 


l; being the length of segment 1; 


 F the current flowing from it into the ground. 


The potential set up at the measuring electrode by the whole circuit 
becomes 


p I; 2a. +l 


Let us assume I;/l; = Iy/L, where L = 21;. Then, 


2a, +l 


Where II is the product sign. 
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Veasurement of earth resistances 


We use a rectangular circuit to show 
that a correct choice of distance from 
the circuit will give a satisfactory 
accuracy when the electrodes are 
placed in accordance with equation (4). 
Distances are measured from the centre 
of the circuit. 


Fig.6 shows a rectangular earthing § 
system and also two possible locations ai 


for the measuring electrodes. We : 
know (3) that for such a system 


Pig.6. Earth resistance 
nbt measurement on a rectan- 


gular earthing systen. 


where L is the perimeter of the circuit 


6H the width of the earthing strip; t the depth to which it is sunk in the 


earth. 
In our case L 800 m. b 50 cm. With these parameters, 
3.58 x 107 


The above formulae give 


Variant 0.050 x 107? | 1.06 x 107°! 


Variant “ 0.574 x 107? | 1.06 x ol 2.5 


internal strips, vertical earth electrodes, etc. 


By using additional! 
it cannot be less than the 


the earth resistances may be reduced, but 
resistance of a hemisphere of diameter equal to the circuit diagonal 


D=316 m, for which 


In this extreme case the error reaches 8.8 per cent for B. In general 


an error of 10 per cent is regarded as acceptable [1,3,4). 
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Measurement of earth resistances 


In the literature {2~4] recommended for use, when measuring the 
resistance of the earthing of large objects 


"ep 2 5D. "rp = 40 mM; KT 2 (5D + 40) m 


These cause exceptionally large errors. Indeed, we would get in our 
case 


100 = 3.8 x 107%9/3.58 x 10°39 x 100 = 106% 


and in the extreme case for Ry =1x 107%9 


380 per cent 


So in measuring the earth resistances of large objects the distance 
between the measuring electrodes and the centre of the system must not be 
shorter than the diagonal of the earth contact, and the interelectrode 
distance not less than half this. 
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AUTOMATION OF ELECTRIC DRIVES 
FOR BUCKET-CHAIN DREDGERS* 


L.F. SHKLIARSKII 


Bauman Higher Technical College, Moscow. 


Automatic load drive and manoeuvring winch control is a current problem 
in ensuring maximum dredger productivity. 


Attempts’ had earlier been made to render the drive control auto- 


matic, e.g. in 1937 in the “Primorzoloto” trust [1]. They were based 


on the use of fluid flywheels with servomotors actuated by current 
relays in the stator circuit of the bucket chain drive motor. Such a 


stepwise control could not be widely used in practice? 


Therefore the output control required by the soil variations is 
performed manually in most induction-—motor dredgers, viz. by altering 
the lateral feed rate. Rheostats are used in the manoeuvring winch 
rotor circuit, the bucket drive motor speed being constant. 


The automatic control system described below is based on the manual 
one, viz. that the lateral feed rate must change with the soil 
properties, the bucket drive speed being kept practically constant to 


ensure maximum productivity. 


* Elektrichestvo No.1, pp. 22-25, (1957). 
t Only a.c. driven dredgers are considered. 


tf 4 design for 0.23 m° bucket (1949: “Sibelektromontazh” trust) for both d.c. 
systems. Provided for automatic rheostat control 


(generator + motor) and 4a.c. 
But the IZTM works adopted the d.c. drive 


of the maneouvring winches. 


system for industrial production, 
(Reprint Order No. EL. 11) 
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Automation of electric drives for bucket-chain dredgers 


Field tests by the author in 1951, 1954 and 1955 on excavators in 
the Northern and Southern Urals gave approximate relationships between 
power, current and torque for bucket— and manoeuvring-—winch drives, 
from which the winch motor characteristics could be more accurately 
defined. These requirements are specified below. 


When, for example the buckets are incompletely filled during 
excavation and therefore the bucket motor load is lower, the bucket 
load must be increased by increasing the pressure on the ground, i.e. 
by increasing the laters] feed rate. On the other hand when the 
buckets become too full the lateral feed rate must be reduced. 


Moreover, the desirability of limiting the bucket and manoeuvring 
winch drive overloads on encountering obstacles in the ground also 
calls for a reduction in lateral feed. The manoeuvring winch drives 
must therefore have flexible characteristics. 


958 
This can be checked from the field tests characteristics, one of 
which is shown in Fig.l. 
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Fig.1. Mechanical characteristics of a manually controlled 
winch motor on a dredger with 0.38 m° buckets. Motor 
ratings ios = 25.8 kW, n, = 575 rev/min, M, = 44 kg om, 


The maximum winch motor torque must not exceed the value permitted 
by the winch rope strength. This means it must stall at a = 1.5 M,- 


Thus the characteristic must approximate to hyperbolic, the stalling 
(at n = 0). 


torque being Maes 
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Automation of electric drives for bucket-chain dredgers 


Fig. 2. Basic circuit diagram of the laboratory test set-up. 

winch motor; LW: loading machine; 

M,: bucket drive motor replaced by a rheostat in the 
laboratory. 


Control of the winch drive motor with a resistor r. in series with 
the rotor and magnetic amplifiers (MA, Fig.2) is the most suitable 
as regards motor temperature rise and automatic control of characteris- 


tics as a function of bucket drive motor load assuming that slipring-type 
induction motors are used for driving the manoeuvring winch. 


The magnetic amplifier control windings CW are fed via a metal 
rectifier B from the current transformer CT in the bucket drive stator 
circuit. The manoeuvring winch motor M, is controlled automatically 
by the bucket drive stator current. 


This system does not require the existing electrical equipment to be 
rearranged, and is not very expensive. A number of alternative reactor- 
controlled slipring motors with different saturable reactors in the 
rotor circuit have been studied to determine the minimum capital outlay, 
weight and space requirements. This work led to the two-phase saturable 
reactor system (two single-phase a.c. windings on a common core, (Fig. 2) 
being adopted. The curves for M, at different control currents i. are 
shown in Pig.3.° 


* The induction motor used in the laboratory tests was a type AK-51-6, 
F. = 1.7 kW, n_ = 905 rev/min, U, = 220/380 V, I, = 8.5/3.8 A, n = 0. 
p.f.=«= 0.72, J, = 20.2 A, E, = 57 V, stalling torque/normal torque = 
= 11.3 Qor, = 5.5 r,= 611, Ratings of the loading machine: 
Type PN 28.5, Fan = 2.8 kW, U, = 220 V, I, = 15.8 A, n, = 1500 rev/min, 
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Automation of electric drives for bucket-chain dredgers 
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Fig.3. Experimental mechanical characteristic of M, in the 
circuit of Fig.2 for different control currents, toe 


The system with asymmetric (two-phase) control reactances (MA) in 
the rotor circuit may be analysed via the symmetrical components method 
[2]. Although the general theory of induction motor operation with 
asymmetry in the secondary circuit has been fully treated in the litera- 
ture [3-6], no expression for the torque applicable to this case and 
convenient for practical use has yet been given. Therefore we derive 
below an expression for the torque as a function of slip, based on the 
equivalent circuit for a forward rotating field (positive phase-sequence), 
Fig.4(a), and for a reverse rotating field (negative phase sequence), 
Pig.4(b). 
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Fig. 4. Equivalent circuit of the induction motor for the 
irect (a) and the inverse field (b). 
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Automation of electric drives for bucket-chain dredgers 


The equivalent impedances of the zero, positive and negative phase 
sequences coe or sire respectively, which are determined by the magnetic 
amplifier reactances x, and x. in the two rotor phases, can be written 
as follows:* 


From the equivalent circuits of Fig.4, neglecting the magnetizing 
current (, = 0), some simple steps give the torque as: 


from the direct field 


(r,/2) + 


(a. - b* 4 d)* + + c)? 


from the inverse field 


ry 


(2, - 1)d 


- K 
(a. - b* + d)* + b*(a + c)* 


* The resistances of the a.c. windings on the magnetic amplifier are neglected. 


t r> includes the internal resistance of the rotor phase as wel] as the external 


series resistances 


x, + 2? x. 
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Automation of electric drives for bucket-chain dredgers 


The total torque is the algebraic sum of the forward and reverse torques, 


+ (6) 


equations (4),(5) and (6) therefore enable us to derive the mechanical 
characteristics for different signals at the magnetic amplifier inputs 
which determine the corresponding reactances x, and Xs 


The experimental curves (Fig.3) show that there is practically no 
undesirable torque drop due to core saturation [7-8] in the half-synchronous 
speed range. The torque drop can therefore be neglected in calculating 
the mechanical characteristics. 


This system (Fig.2) makes it possible to obtain the desired winch 
motor characteristic automatically, (e.g. similar to that shown in Fig.1) 
and to satisfy the requirements laid down at the beginning of the article. 


kg-™ 


Fig.5. Characteristics of M, in the circuit of Fig. 2 obtained 
under laboratory conditions, —.-—-——. static torque. 


Fig.5 shows several such laboratory test curves obtained with various 
m.m.f. increments in the magnetic amplifier control circuits. 1 and 2 
were obtained with two single-phase amplifiers and 3 and 4 with one 
two-phase amplifier. 


The asymmetric impedances in the rotor give rise to direct and inverse 
fields, the stator current contains a component of normal frequency f, 
and another of reduced frequency f, = f,a - 2s), which cause beating. 
But Fig.6 shows that this beat remains slight even at minimum signals 
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Automation of electric drives for bucket-chain dredgers 


+). 


dada. 


Pig. 6. Oscillograms for I. and U, in the stator. 


(i. = 0) when the asymmetry is maximal.* The additional winding 
temperature rise due to the reduced frequency currents is also very 
small. The stator terminal voltage is practically unchanged. 


The reduced p.f. typical of inductor control systems cannot be 
considered as hindering the use of this system on dredgers since the 
winch drives on those with 0.155, 0.21 and 0.38 m’® buckets are of 
relatively low ratings (18 — 26 kW). Static capacitors connected to 
the stator terminals will improve the p. f. 


Conclusions 


(1) Laboratory and theoretical work has shown that the magnetic 
amplifier system provides the required winch motor characteristics 
automatically. 


(2) The system is simple. The main electrical equipment need not be 
rearranged or changed in order to introduce it. The capital cost is 
low. 


(3) The automatic control system would reduce the strain on the operator 
and increase his productivity. 


List of symbols 


x and x. magnetic amplifier inductive reactances in the a and c 
rotor phases; 


2 operator rotating vectors through 120°; 


* When 0 the modulus of the coefficient of current unbalance 
which specifies the degree of asymmetry in the rotor circuit, was 0.68. 
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Automation of electric drives for bucket-chain dredgers 


positive-sequence impedance of one stator phase; 
negative-sequence impedance of one stator phase; 
impedance of one rotor phase; 


and x, resistance and inductive reactance of one stator phase; 


and x, referred resistance and inductive reactance of a rotor phase; 


inductive reactance of one motor phase; 
phase voltage on the stator; 
positive-sequence stator current; 
negative-sequence stator current; 
positive-sequence rotor current; 
negative-sequence rotor current; 

= number of phases in stator and rotor; 

= synchronous angular velocity of the motor; 
= slip; 


are the number of turns and resistance of the magnetic ampli- 
fier control winding respectively. 
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DIFFERENTIAL PROTECTION CIRCUITS 
WITH MAGNETIC RESTRAINT* 


A.D. DROZDOV 


Ordzhonikidze Polytechnical Institute, Novockerkassk 


(Received 19 October 1955) 


The simple principle of magnetic restraint, known since 1930, has now 
also been applied to differential protection. We are now well acquainted 
with the theory of this principle and have evolved methods of elimina- 
ting the dependence of relay response on the phase relations of the 
individual phases; also rational relay designs using one or more res- 


training windings exist [1 - 4], 


The present communication presents methods of synthesizing, trans- 
forming and designing differential protection circuits. 


Fig. 1(a) shows a symmetrical circuit containing a balance coil and 
split restraining or premagnetizing coils connected into the arms of the 
protection circuit. One three-limb core could be used instead of the 

two two-limb cores shown in Fig.1: tests show that the results obtained 
with this arrangement are quite similar to those with two-limb cores. 


By applying the law of conservation of current the circuit of Fig. 1(a) 
can be simplified without appreciably altering its characteristics. Two 
coils with different numbers of turns could be used instead of the three 
coils in series on the outer and central limbs. 


Let us remove the coil ¥,. 2 on the right-hand limb, and reduce the 
turns on the working winding by Yna 2, thus retaining the nett ampere 
turns, and increase the turns on the left-hand premagnetizing coil by the 
same number, or, which amounts to the same, let us transfer Wra/2 turns 

from the right-hand to the central and left-hand limbs. The new working 


winding then has = "na 2 turns. 


To maintain the ampere-turns produced in the central limb by I, we 
have to increase the balance winding turns by Wrg/2- 


© Elektrichestvo No.2, 33-36 (1957). (Reprint Order No. EL. 12) 
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Differential protection circuits with magnetic restraint 


Furthermore, we will remove w,,/2 turns from the left-hand limb and 
correspondingly reduce the balance turns and increase the right-hand 
premagnetizing turns. The new number of turns on the balance winding 
is 


Differential protection circuits with equal total numbers 
of ampere-turns. 

(a) with separate working and premagnetizing windings: 

(b) equivalent circuit with premagnetizing windings partly 
acting as working coil: 

(c) the same, but with reversed senses of the premagne- 
tizing coils; 
and (e) with separate circuits. 
Saturable transformers with short-circuited turns. 
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Differential protection circuits with magnetic restraint 


Fig.1(b) shows the circuit so obtained. The premagnetizing coils 
act partly as the working winding. Therefore we may add the turns on 
the working and balance windings and determine them from the following 
formulae: 


The total may be fractional. We derive below the formulae and give 
an example of winding calculation for the circuit of Fig.1(b). 


The total turns are determined from the ampere-turns found experimen- 
tally via the response of an unrestrained relay, viz. F = 70 A: 


cF/I,, = 1.06 70/8 = 14.7 

where 7 = 5 A is the operate current on the side of the winding a; 
c= 7” is a factor allowing for the increase in operate current 
with a unilateral internal fault over the current occurring with a 
symmetrical bilateral supply. The well-known formula for c for 


mechanical relays gives 


2 


c = 


The restraining factor k. is assumed as 0.6 when c = 1.05. We can 
determine c for magnetically restrained relays similarly because their 
characteristics at low currents are similar to those of mechanical 
relays. w,, then is (1, 2) 


= 0.6x 14.7 = 9 


The effective ke will be greater at high currents as may be established 
experimentally or from the curves of double magnetization (2). 


If the ratio of the nominal currents n = I /1, is assumed as 1.46, 
wb for the second premagnetizing coil becomes 


= 1.439 = 13 
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Differential protection circuits with magnetic restraint 


The current in the arms of the protection circuit may be divided into 
the through-current lb and the differential current ly: Since ly flows 
from the current transformer secondary to the differential circuit from 


both sides, we get 


The magnetizing forces in the right-hand and left-hand circuits due 
to Ih must be equal and opposite, i.e. 


+ -%1 = % + + % 


from which we can determine wy 
(n - + 0.5(nw,, - 


= 0.46 x 10 + 0.5(1.46 x 9 = 13) , % 5 


The second term 5 on the right-hand side of equation (2) allows for 
imperfect agreement between the ratios of rounded-off turns and currents 
for the premagnetizing windings. 


Since Wey has been rounded off equation (1) will be satisfied at some 
current ratio other than nominal, corresponding to the winding para- 
meters adopted and determined from equation (1), viz. 


we + + X 0.5 


x 0.5 10 


na 


(3) 


Hence I eb will cause an additional flux unbalance in the two cores, 
which is equivalent to the unbalance-current increasing by 


n 


anu 160 = 100 = -1.5 per cent 


n 


wd 


If we assume wu ba , : & = 3.25 per cent. For an 
operate current ] » = 3; Bal 2: \ tus = 2.1 per cent; 
and when w,, = 3, s Stop -7.0 per cent. Even when the choice of 
wy) is not correct, as in the latter example, the effect of the Lib is 
fully compensated by the restraint (7 per cent << 60 per cent). 
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Differential protection circuits with magnetic restraint 


For compensation to be obtained we must have 


+ <k 


l 
ub r 


If the restraint is strong enough there is no need for the ratios of 
the current transformers to be exactly equal. 


Fig.1(a) may be modified in yet another way, viz. by transferring 
Wia/2 from the left-hand to the centre and right-hand limbs. w, is 
then increased, viz. 


w' + 0.5 + 4.5 19 


This gives the circuit of Fig.1(c) which differs from the original 
in the sense of the premagnetizing windings, which have the same turns 


as in Fig.1(a). 


Equations (1 - 3) may also be applied to Fig.1l(c) if the signs of 
and w,, are reversed, viz. 


(n - 1)w, 0.5(nw,, — 


-1.5 per cent 


If we assume w,, = 8, ny, = 1.414 and Ni, = 3.25 per cent. Conse- 
quently the figures are unchanged, from which we conclude that Fig.1(b) 
and (c) are equivalent as regards balancing the secondary currents, 
although Fig.1(c) would appear to have advantages owing to the greater 


number of turns. 


When other protection circuits are connected to one of this type the 
secondary circuits may have sometimes to be split. Fig.1(b) may then 
take the form shown in Fig.1(d). Fig.1(e), obtained by separating the 
common coils in Fig.1(d) will also serve. 


The restraining characteristics of the circuits must be identical if 
leakage is disregarded. But they actually differ in curvature (2). If 
the restraining and secondary windings are placed on the same limbs, 
and the working windings on the opposite limbs (Fig.1,a) the characteristic 
will become concave and k. will increase for large currents due to 
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Differential protection circuits with magnetic restraint 


additional premagnetization in one part of the magnetic circuit. In 
Pig.1(b) the premagnetizing coils act as working coils so its character- 
istics will be less concave than those of Fig.l(a). The characteristics 
of Fig.1(d) and (b) are similar. The concavity for Fig.1l(c) is much 
greater than that for Fig.l(a). Fig.l(e) has approximately linear 
characteristics because all windings are on the same limbs. 


Fig.i(b) is preferable owing to its simplicity, universal usefulness, 


smaller number of turns and symmetrical characteristics. The premagne- 
tizing coil connections can here be reversed (Fig.l c) or the circuits 
may be separated (Pig.1,d). No alterations to the design are required. 


Fig.1(b) can be made to give a saturable transformer with short- 
circuited turns with a lower sensitivity to aperiodic currents. One 
such circuit is shown in Fig.1(f). Here the right-hand core with its 
windings is the transformer proper. In the short-circuited circuit of 
the left-hand core a current partly compensating the effect of the 
primary (alternating) current on the right-hand core is set up which 
reduces the number of primary turns, as it were. However, the effect 
of the constant current is not reduced, which results in a reduced 
sensitivity. Saturable transformers are more fully treated in (4). 


Pig.2 Differential protection circuits with premagnetizing 
windings in one arm, 
(a) with separate working and premagnetizing 
windings; 
(Bb) simplified equivalent circuit. 


The circuit is simplified if the premagnetizing coils are placed 
asymmetrically, i.e. in one arm only (Pig.2,a). The circuit is further 
Simplified by transferring the left premagnetizing coil to the central 
and right-hand limbs, as shown in FPig.2(b). A disadvantage of Fig. 2(b) 
is that the leakage flux is asymmetric when only lh flows. If lob and 
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Differential protection circuits with magnetic restraint 


Ts are in phase in the premagnetizing windings (nI, > I), both the 
circuits of Fig.2 are under great restraint, as illustrated by curves 
Both currents @:rected 


towords protected 
obyect 


Fig.3 Experimental characteristics of differential protection 
circuits. 
Symmetric circuit; 


asyometric circuit. 


in Fig.3, which refer to Fig.2(a). Symmetric circuits have symmetric 


characteristics (curve 1) The curves of Fig.3 are universal and give 
the currents in the protection circuit arms in terms of the oblique 
coordinates and nJ,. Curves made more symmetric by 


(Fig.2), but this will normally introduce a flux which 


increasing bl 


is difficult to control. 


VAY 


t} 
2w ow 


Fig. 4 Differential protection circuits of multiply wound 
transformers with equal total numbers of ampere-turns. 
(a) with separate primary and premagnetizing windings 
windings; 
(b) with premagnetizing windings partly acting as 
primary coil; 
(c) with reversed connections to the premagnetizing 
windings. 
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Differential protection circuits with magnetic restraint 


The circuits of Fig.2 are simpler than those of Fig.1 but restraints 
depend on the direction of ls which is difficult to predict. The 
location of the restraining coils is also of some importance. Fig. 1(b) 
can easily be converted into the assymetric circuits of Pig. 2. 


A differential protection circuit with several restraining coils can 
be designed round a transformer with slots in the magnetic circuits 
(Pig.4,a). The four premagnetizing coils act here independently. 
Fig.4(a) may be simplified as above, the equivalent circuit Fig.4(b) in 
which the premagnetizing windings act partly as primary coils being then 


obtained. The circuit can also be used with reversed premagnetizer 
connections (Fig.4,c); the curve is then strongly convex. But Fig.4(b) 
is preferable because it is simpler and has less turns. 


Pig.5 Saturable transformer with 5 premagnetizing coils on the 
cross-members. 


The premagnetizing coils may also be formed by cross-connections 
(Fig.4), i.e. by threading the turns first through one, and then 
through the other opening. It is then convenient to use a different 
core design with cross-members (Fig.5). This has the advantage of 
Simplifying coil winding and facilitating alterations. There is no 
restraining effect with an internal symmetrically fed fault, this 
making for reliability of operation. The damping characteristics of 
this arrangement are effected by a certain dispersion owing to the 
different arrangement of the coils. The construction of working coil 
and magnetic system is simpler with the 
circuit, the whole unit being more rigid and compact. This design may 


therefore be regarded as more satisfactory. 


longitudinally slotted magnetic 
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THE STABILITIES OF MEASURING INSTRUMENTS 
USING MAGNICO AND ALNICO* 


E.G. SHRAMKOV, A.V. MITKEVICH and N.B. KOVALEV 


Although permanent magnets made from alloys of iron, nickel and aluminium 
are extensively used in modern devices, the stabilities of such systems 
have not been fully studied nor have they been exhaustively treated in 
the literature. The measuring apparatus used previously has been of low 
sensitivity and the methods of measurement have not been sufficiently 
accurate to detect small flux variations and hence prevented a sound 
appraisal of the way the systems behave. 


Some experimental data on Alni and Alnico permanent magnets have been 
published [1 - 3], which state that flux variations of several per cent 
were observed. Other papers (4 - 6! mainly give general information 
with no experimental data. One paper [7) describes a sensitive balance metho 
in which balance is obtained by varying the current through a coil in the 
air gap of the magnet, though data are only given for a few magnets. 
Ballistic null-methods for measuring accurately the flux densities in the 


air gaps of permanent magnets have also been described (8 - 10). 


Kronenberg [10] gives data also on the stabilities of Alni and Alnico 


magnets. 


Measuring instruments and magnetic systems investigated 


A special type of measuring apparatus based on null-principles was 
developed to measure relative flux changes of about 10°* per cent. These 
new instruments were used to study the stability of one kind of magnet 
system with Alnico and Magnico magnets. Rectangular magnets with pole 
pieces held together in a silumina diecasting were held in rings of 
magnetically soft material to complete the flux path. The system 
differed from those used in electromagnetic instruments only by having a 
somewhat longer core which was pressed into a brass bush with an external 
thread to secure the system during the flux measurements. One of the 


* Elektrichestvo No.3, 62-67 (1957). [Reprint Order No. 
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The stabilities of measuring instruments using Magnico and Alnico 


measuring instruments developed consists of a balance with arms having 
different masses (similar to that described in (7]). The balance beam 
rests with its knife edges on jewel bearings. One arm bears a pointer 
which is observed with a telescope. A gear transmission train actuated 
by a handle is used for positioning the System and balancing is achieved 
by varying the current through a coil in the air gap. At balance the 

current in the coil is inversely proportional to the flux density. 


The other measuring instrument was developed by N.B. Kovalev. Here 
two opposing torques acting on a moving System are balanced; one torque 
is produced by an astatic electrodynamic measuring system and the other 
by the current in a test coil and the flux of the System. The stationary 
and the moving coils of the electrodynamic System and the test coil are 
all connected in series. The moving system is suspended, and carries a 
mirror. A fixed mirror is placed below the first one so that two images 
(from the two mirrors) of a scale placed near the telescope can be seen. 
When the two torques are equal, or when no current flows in the coils, 
the instrument reads zero, and the two images coincide. When the two 
torques balance the current in the coils is proportional to the flux 
density in the air gap. A handle is used to position the magnetic 
system. 


In both measuring instruments the coil current was measured potentio- 
metrically accurate to ~0.005 per cent. Since the instruments were 
designed for making extensive measurements provision was made to ensure 
accurate resetting of the magnetic systems. The temperature of the 
instrument room was maintained constant at 22° + 0.1%. All readings 
were made from another room which contained the potentiometer. The 
reproducibility was estimated to be ~0.03 per cent for each instrument. 
The results given below were obtained mainly with the first instrument: 
the second instrument was primarily used to verify the readings of the 
first. 


Altogether we investigated 94 Systems; 50 were fitted with Magnico 
magnets (40 were produced in August, 1952 and 10 in February, 1955) and 
44 of Alnico (produced in May - September, 1953 and in November, 1954). 
Only the most typical results will be described. 


All 94 systems were magnetized practically up to saturation with a 
d.c. electromagnet having special pole pieces embracing the system. 

Magnetic stabilization, i.e. partial] demagnetization, was carried out 
mainly by applying a 50 c/s field which was gradually reduced to zero. 
For this purpose another electromagnet with laminated sheet steel yoke 
and pole pieces was used; the pole pieces were arranged as in the d.c. 
magnetizing electromagnet. 
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The stabilities of measuring instruments using Magnico and Alnico 


Magnetic systems with Magnico alloy magnets 


Heat treatment effects following magnetization and stabilization, and 
the effect of the degree of stabilizing demagnetization on the consequent 
behaviour were studied on Magnico alloy systems for periods of up to 

1% years. 


Fig.1 shows the results obtained on seven systems six months after 
manufacture (the system numbers are shown against the curves on this and 
the following figures). The ordinate indicates the percentage flux 
density variation in the working gap, the abscissae indicating the 
annealing temperatures and time in hours and days. 


All seven systems were magnetized: two were not subsequently 
demagnetized (lower curves), two others (nos. 446 and 421) were 55 per 

cent demagnetized using an a.c. electromagnet and the remaining three 

(nos. 229, 397 and 413) were 6 per cent demagnetized, using the same 
method. Next, six were treated at +80°C for 1 hr and cooled down to room 
temperature. (The heating time of about 30 min is not included). One 

(no. 397) which was 6 per cent demagnetized was not subjected to heat 
treatment (the curve starts from the vertical dashed line marked “anneal”). 


The six treated systems were first measured 2 -— 3 hr after heating and 
the unannealed one was first measured approximately 30 min after 
demagnetization. Fig.1 shows that heating at +80°C led to a flux increase 
of 0.03 — 0.06 per cent in 6 per cent demagnetized systems, whereas in 

55 per cent demagnetized systems a slight weakening of 0.02 — 0.03 per 
cent resulted. In the systems which were not demagnetized the flux drop 
was 0.07 to 0.12 per cent. The flux drop was greater following annealing 
at +80°C; for example, a drop of 0.9 per cent was observed for one non- 
demagnetized system. 


The flux changes were most pronounced during the first few days after 
heat treatment for the non-stabilized systems. Stabilized systems were 
stable to within a few hundredths of one per cent. 


Systems 6 — 10 per cent demagnetized and given a second heat treatment 
at +80°C showed flux increases of sometimes up to 0.16 per cent. Treatments 
subsequent to the second or third were found to have comparatively little 
effect and the annealing time if > 1 hr, was unimportant; annealing for 
1 or 4 hr produced approximately the same effect. 


Investigations on systems immediately after manufacture, and some time 
afterwards showed that annealing at +80°C has more effect on the flux 

when carried out immediately after manufacture. This is quite possibly due 
to structural changes in the magnet or to some other changes in the system 
as a whole. 
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The stabilities of measuring instruments using Magnico and Alnico 


In practice magnetic systems are sometimes conditioned by thermal 
cycling prior to magnetization. It was desired to elucidate how this 
treatment would influence subsequent behaviour of the system. Fig.2 gives 
data for nine systems, five of which (broken lines) were given 10 cycles 
from -80°C to +100°C before magnetization; each temperature being main- 
tained for 4 hr. The remaining four systems (full lines) did not undergo 
this treatment. Next, all the nine systems were magnetized and partly 
demagnetized using an a.c. electromagnet. Five systems were demagnetized 
12 —- 15 per cent (upper curves in Fig.2) and four 60 — 70 per cent (lower 
curves). After this all the systems were given 3 cycles from -80°C to 
+100°C, temperature being maintained for 2 hr; the treatment being 
started with cooling. 


The curves show that thermal conditioning produces slight flux increases 
in 12 — 15 per cent demagnetized systems whereas the flux decreases slightly 
in systems demagnetized 60 — 70 per cent. Whether the magnet was cooled 
before or after being annealed made no difference to its subsequent 
behaviour. 


Similar systems, 20 and 45 per cent demagnetized, gave curves which lie 
between the upper and lower groups in Fig. 2. 


The data show that preliminary thermal treatment does not affect the 
subsequent behaviour to any noticeable extent, i.e., this treatment is 
not essential. All the nine systems studied were about equally stable. 
A rather important fact is that even those 60 — 70 per cent demagnetized 
were satisfactorily stable. 


Magnetic shunts were applied before magnetization in some cases and, 
after demagnetization and a few cycles to +80°C the shunts were moved 
from one limiting position to the other. The stabilities of these 
systems did not differ from those of systems without shunts. 


Systems with Alnico magnets 


Fig.3 shows the effects of post-magnetization heat treatment followed 
by stabilization, and of the degree of stabilizing demagnetization on 
Alnico systems. Six systems were magnetized and then demagnetized 6 — 10 


per cent using an a.c. electromagnet. All these were then subjected to 
six heat treatments at +80°C, each heating being followed by cooling to 
room temperature. The higher temperature of +80°C was maintained for 

1 hr with three specimens (full curves) and 4 hr with the other three 
(broken curves). As before, the time required to reach +80°C (30 min) 
is not included in the duration of the heat treatment. 
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The stabilities of measuring instruments using Magnico and Alnico 


The curves show that 1 and 4 hr annealing have approximately the same 
effects. Further treatments beyond the second also have comparatively 
little effect. One system (top curve, I) stands out from the others. 

An unusually large flux change was found after the first heat treat- 
ment, and therefore the system was subjected to a new series of heat 
treatments two weeks later (curve II, Fig.3). This confirmed that 

there was a genuine difference between this system and the others, 

which did not disappear after the subsequent heat treatments. During 
the work on Alnico magnets yet another system was discovered which 
reacted to heating in the same manner as no. 926 (Fig.3). These two 
which reacted quite strongly to annealing had originally the same flux 
densities as all the others. So some definitely undesirable irregularity 
requiring separate investigation occurred here. 


Two systems were annealed at +300°C for 4 hr, which caused little 
change in their subsequent reactions. 


A number of systems demagnetized by varying percentages (between 4 
and 20 per cent), and one system not demagnetized at all, were subjected 
to several cycles between +80°C and -80°C. With two exceptions the 
resulting flux reductions were less than 0.06 per cent. The exceptions 
were one demagnetized 4 per cent which had its flux reduced by approx- 
imately 0.18 per cent and the non-demagnetized system which dropped 

by approximately 0.7 per cent. 


All the partially demagnetized systems were found to be about equally 
stable and the variations during a year did not much exceed 0.01 per 
cent (within the limits of experimental error). 


The systems were normally magnetized in groups placed between the 
poles of an electromagnet. Partial demagnetization was carried out 
using a 50 c/s a.c. electromagnet. The magnets were therefore magne- 
tized and demagnetized under conditions differing from their normal 
working conditions. A magnet in a 50 c/s field is also more strongly 
demagnetized near the surface. Consequently various demagnetization 
methods were studied at the same time as the premagnetization heat 
treatment. 


Five of the eleven systems were given 11 cycles from -80°C to +120°C, 
each temperature being maintained for 2 hr before magnetization (dashed 
curves, Fig.4). The remaining six systems were not so treated (full 
curves, Fig.4). All eleven were magnetized and then demagnetized by 

6 — 10 per cent by various methods. Heat treatment at +80°C for 4 hr 
followed. Three systems were demagnetized using the field of a d.c. 
electromagnet with pole pieces sufficiently large to enclose the systems. 
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The stabilities of measuring instruments using Magnico and Alnico 


The exciting current was smoothly reduced to zero and reversed 1 to 2 
times/sec. The curves obtained lie in the upper part of Fig.4. Two 
systems were demagnetized by d.c. coils placed directly on the magnets. 
The direction and magnitude of the direct currents in these coils were 
altered as with the electromagnet. Two other systems were a.c. demagne- 
tized using the same coils. The remaining four systems were demagnetized 
in the usual way using an a.c. electromagnet. The curves for the last 
eight systems (lower curves in Fig.4) are more or less similar, the 
spread in the points being within the limits of experimental error 

(0.03 per cent). The systems demagnetized with d.c. and a.c. electro- 
magnets were interchanged to check that a different type of curve 
resulted from demagnetization with the d.c. electromagnet. It was 

found that the type of curve obtained depended on the method of demag- 
netization, not on the particular system considered, 


Fig.4 shows that the systems demagnetized by means of the coils 
wound directly on the magnets, i.e. those magnetically stabilized under 
conditions similar to their working conditions, are affected by subse- 
quent heat treatment and time in approximately the same manner as the 
systems demagnetized with the a.c. electromagnet; their fluxes show 
a slight drop. A.C. electromagnet demagnetization is therefore suffi- 
ciently reliable. But systems demagnetized with the d.c. electromagnet 
reacted quite differently to heat treatment; their fluxes increased 


by up to 0.2 per cent. It would seem that large pole pieces make 
demagnetization with d.c. electromagnets more difficult than with a.c. 
electromagnets. The latter method is more similar to the way in which 
magnets are normally demagnetized during use. 


Fig.4 also shows that premagnetization heat treatment has little 
effect on the subsequent behaviour of Alnico magnet systems and so is 
not essential. The same conclusion had also been reached for Magnico 
systems. 


The present work also included some tests of the effects of magnetic 
shunts. Magnetic shunts were fitted to six of the above eleven systems 
before magnetization, and after demagnetization and heat treatment at 
+80°C these shunts were transferred between extreme positions. Nos. 365, 
400, 461, 515 and 420 had shunts fitted after annealing, i.e. moved to 
have maximum shunting effect, while no. 431 had its shunt removed. Fig.4 
shows that the stabilities are approximately the same with or without 
shunts. Only in no. 431 did the flux decrease by ~0.09 per cent during 
the first six months after the de-shunting, and this has remained stable 
for the last nine months. 
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Effects of temperatures, vibration and external magnetic field 


These effects were studied mainly on magnetically and thermally 
stabilized Alnico and Magnico magnets, .i.e. ones which had undergone 
temperature cycle conditioning after magnetization and demagnetization. 


The systems were demagnetized by varying percentages (5 -— 10 per cent) 
and after demagnetization were thermally cycled a number of times 
(+80°C to +20°C) and subsequently annealed at either +50°C or -50°C for 
5 hr. The flux changes after this treatment were within the limits of 
experimental error. 


Magnico magnets heat-treated after stabilization, but only annealed at 
50°C retained their fluxes practically unchanged for one year after 
stabilization, 


Vibration at 30 c/s and accelerations of 7g produced no effect on 
Magnico and Alnico magnets demagnetized by 6 — 10 per cent. 


These systems were subjected to an external uniform d.c. field of 
4 ampere/turns/cm and also to a 50 c/s a.c. field of 4 ampere- 
turns/cm peak. No changes were produced by this test. 


A flux increase of up to 0.09 per cent was observed in some cases 
when a 50 c/s field of amplitude 40 ampere-turns/cm had acted on Alnico 
magnets demagnetized by 6 — 10 per cent by an a.c. electromagnet. Those 
demagnetized 6 — 10 per cent by a d.c. electromagnet showed even greater 
flux increases, namely 0.1 — 0.4 per cent. 


The causes of the flux increases found in the Alnico systems used in 
the earlier tests were investigated by demagnetizing them in a weak 
50 c/s field from coils wound direct on the magnets. The fluxes dec- 
reased. 


In a second test the systems were demagnetized in the same type of 
field but with the coil wound on the ring completing the magnetic circuit. 
In this case the flux in the air gap was increased. 


It seems possible that in the first case only the actual magnets become 
demagnetized, causing flux reduction in the air gap, whereas in the 
second the comparatively weak alternating field affects the properties of 
the ring completing the circuit more than the actual magnets. It is also 
possible that applying the demagnetizing coil to the ring (which was 
originally magnetized in the opposite sense to the magnets) improves the 
properties of the magnetic circuit and thus increases the air gap flux. 
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It is suggested that the flux increase found when the system has 
been subjected to a comparatively weak external field (40 ampere-turns/cm), 
is associated with the way this field affects the magnet keeper ring. 


Conclusions 


The work on Magnico and Alnico magnets largely solved a number of 
problems relating to their stabilities against various external factors 
and indicated rational technical means of stabilizing them satisfactorily. 


The results apply to a considerable extent to other such items. But 
as the shape of the circuit and the material influence the stability to 
some degree more general deductions can only come from further work 
with various designs. 
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EFFECT OF EXCITER SATURATION ON TRANSIENTS 
IN SYNCHRONOUS MACHINES * 


L.Z. SHENKMAN 


It has been repeatedly stated (1,2) that the exciter affects transients 


in synchronous machines. Short-circuit and voltage recovery tests 
with the exciter connected to the generator rotor winding give a time 
constant qT,’ somewhat smaller than that obtained by field-switching 
tests with the exciter disconnected. Exciter effects must therefore 
be allowed for when a more accurate knowledge of transients in syn- 


chronous machines is required. 


Analytical solution of the differential equations for transients 
in a synchronous machine plus those for exciter transients is rather 
complicated and is possible only if the equations are linearized by 
neglecting exciter saturation (2). This linearization causes consider- 
able errors and vitiates the results. We have analysed transients in 
a system of synchronous machine plus exciter (allowing also for 
saturation) by integrating the equations numerically using the no-load 


exciter characteristic. 


Theoretical formulae 


As is usual when setting up the equations (2) we neglect the stator 
transient and stator resistance, the speed changes and also the effect of 
damper windings. The differential equation for the transient can then 
be written [3 - 4): 


where 


Eos is the steady-state e.m.f. determined by the excitation 
current corresponding to the exciter terminal voltage; 


* Elektrichestvo No.1, 35-38 (1957). (Reprint Order No. BL. 14 
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d is the e.m.f. determined by the excitation current; 


T) is the transient time constant 


| 
"4 


Tj T40 

The stator current equation for a three-phase stator short circuit 
has the same form: 


* 
= 1g +7] 


I, being related to E, on a per unit basis by the following obvious 
relation: 


The exciter transient differential equation can be representated with 
a satisfactory degree of accuracy by that for e.m.f. equilibrium in the 
exciter winding [5 - 6): 


where 


E. and U, are the e.m.f. and terminal voltage of the exciter, 


. is the current in the exciter winding, 
2p is the number of exciter poles, 
w is the number of turns per pole in the field winding 


$n and E. are the rated effective magnetic flux and corresponding 
rated e.m. f. 


o is the magnetic flux leakage coefficient for the main exciter poles, 
equal to the ratio of total to effective flux (c > 1) 
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To integrate nonlinear equations numerically we write them in finite 


difference form. The synchronous machine transient equation is 


- At 
d E 


‘det di 
27) + t 


Neglecting saturation we can write on a per unit basis: 


ratio of the rotor current to the no-load value, 


The equation for the exciter transient 


where 


Exciter armature reaction is allowed for by subtracting » I 
from u_ (2) 
¢ 


Ww he re 


is the armature reaction coefficient 


c is the gradient of the exciter no-load characteristic, c = f(E.) 
(Pig.1). 
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c, ohms 
= 


unt rheostat resistance 


Sides of the reactive triangle * 
ac rn=0.0015%417= 0.54 
be= 1 rn =0.0124x 417 = 5.2 V 


Fig. 1 


The relation between exciter terminal voltage and e.m.f. can be 


from equation (7) expressed simply as 


E w(coy+r._.) I 
e a 


where 


= resistance of the exciter armature, made up of the armature, 


r 
a 
compoles and compensating winding resistances and the equivalent 


brush contact resistance. 


Introducing (8), (6) becomes: 


E I 


|_| &=412 R., = 9-16.2' 19.65 0hms 
Un=397.5 
ron 
50 + 
4 6 6 4 6 68 2 2 2 
le, A 
(8) 
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So the exciter e.m.f. and current can be expressed in terms of their 
previous values as: 


At 2k + At 


e2 At At 


At 


2k - At 
where 


r, =coy+r, is the equivalent exciter resistance. 


When field-forcing is automatic we assume that the whole or part of 
the exciter field rheostat is cut out from the beginning of the 
transient. 


(r. OR,,) 


e.s 


When compounding is used a term proportional to the stator current 
is introduced on the right-hand side of (9): 


c 


where is the compounding coefficient (2). 


Thus the problem is reduced to the simultaneous numerical solution 
of equations (5) and (10) with the exciter no-load characteristic 
= f(i,), (Pig.1), whereby 


where 
R. is the rotor resistance, 


I 


- is the rotor current at no-load, and U, 


Transient calculation 


Consider a three-phase short-circuit at the stator terminals of a 
T-2-25-2 turboalternator with a model B 4-120-3000 exciter. 
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The T-2-25-2 turboalternator parameters are* [7] 
12.% Rotor currents 
23. 3% I A 
199% 


0.473 12 


9.9 sec O.19% 1.16 sec. 


The parameters of the model B4-120-3000 exciter : P= 120 kW, 
230 V, - = §20 A. 


= 4, number of parallel field windings, 
1, number of turns per pole of this winding, 
600, number of turns per pole of the armature winding, 
23. 


Exciter resistance 16.25 compoles, 0.0021 !2, armature, 
= 0.0053 12 


Flux at the rated load, 7 = 2.58x10° maxwell. 


E.m.f. at rated load, E_ = 238 V. Resistance of the armature 
circuit! r(75°C)= 0.0124 {2 


Leakage coefficient o = 1.15 [6]. Coefficient of armature 
reaction y = 0.001 (2). 


The no-load exciter characteristic E. = f(i,) is shown in Fig.1. 
The shunt rheostat resistance determined from the no-load characteris- 
tic (Fig.1) is = 19.65 1, 


* The resistances are given at 75°C, except those for compoles and armature, 
which are given at 15°C. 


t We assume a brush contact drop of 1.5 V. 


cos ¢ = 0.8 = 
233 
do = | 
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On introducing the numerical values (5), (8), (10) and (11) become: 


(5a) 


0.598 + 
0.598 - 


(0.0015¢ + 0.0124) / 


0.598 —- At 


The compounding coefficient was estimated to be k = 0.00278 [2]. 
The calculation can proceed when At is assigned a value. The 
tabulated form of calculation is most convenient. The results, viz. 
curves of stator and rotor currents as functions of time, are shown in 
Fig. 2. 


Conclusions 


(1) Comparison of the stator and rotor current during generator 
transients found when exciter saturation is allowed for (Fig.2) with 
those obtained from the linearized differential equations (cf (2), Pig. 
shows that exciter saturation has a considerable effect on the 
transient especially in its final stages. For example, the exciter 
effect becomes apparent from the fact that after 10 sec the rotor 
current with compounding falls by ay = 0.24 bee is the no-load 
rotor current. 


The linearized system gives 7 


The large discrepancy (a factor 5) is explained by the armature 
reaction being assumed to remain constant at its initial value through- 
out the transient (linearized no-load characteristic) in the linearized 


system. 


3 

> 

2At ] 2.32 - At 

er2 ‘ ‘ A ‘ ri 
2.32 + Ae *ret 2.32 + At 
E. - (0.0015 ¢ + 0.0124) I. (8a) 
é *2 0.598 - At 
t 35.94t 

Al 
= U/T1.5 (lla) 
# 
Ki 

1, = 1.21, (cf.2, Pig.5). 
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Pig. 2. (a) Neglecting the effect of the exciter 
(b) Including the effect of the exciter 
1 - without additional measures on the exciter, 
2 — with compounding, 


3 - with automatic field forcing. 


The equivalent armature circuit resistance is here large r, = 0.2 R., 


[2]. This causes a large drop in exciter terminal voltage and therefore 
a large fall in the rotor current. 


Neglect of exciter saturation thus makes its apparent effect on the 
transient considerably greater than the real one. 


(2) The greatest distortions of the transient picture due to neglect 
of exciter saturation occur when automatic field-forcing or compound- 
ing is used. In this case the exciter voltage rapidly approaches its 
limiting value (within 0.5 - 0.7 sec), complete exciter saturation 
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occurs and armature reaction becomes very small. The effect of the 
exciter on the transient is then noticeable only during the initial 
Stage when the exciter voltage has not yet risen to its limiting value. 
The exciter affects the steady-state rotor-current only via the 

voltage drop in ros which is 15 per cent of ro om. 
Again we notice the beneficial effect of compounding on the whole 


transient process. 


(3) No great differences are introduced when non-linearity is allowed 
for in the absence of automatic field-forcing and compounding. For 
example, under the conditions obtaining when Tj is determined 
experimentally, the exciter works on the unsaturated part of its 


characteristic and appears to be highly effective. As has been stated 


considerable demagnetization or remagnetization can then occur. 
This can be observed if for some reason the exciter armature resistance 
or the armature reaction are increased. 


The author is indebted to L.G. Mamikoniants Cand. Tekh. Nauk for 
valuable advice and suggestions during the preparation of this article. 
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THE BEHAVIOUR OF RELAY PROTECTION ON 
UNSYNCHRONIZED RECLOSING* 


TSZO KHU 


Molotov Power Engineering Institute, Moscow 


(Received 14 March 1956) 


Unsynchronized automatic reclosing of individual transmission lines 
power systems has lately assumed increasing importance on account of its 
simplicity and effectiveness. However, this must not be taken as 
meaning that all the problems associated with this use of automatic 
reclosing have been sufficiently studied and solved. In particular, 

one of these problems is the behaviour of relay protection an 1 preven- 
tion of its incorrect operation during unsynchronized reconnexion 1). 
We will consider this problem below with reference to systems having 


large earth-fault currents. 


It is well-known that unsynchronized closing of a transmission line 
may result in a synchronous operation and power swings and, conse- 
quently, (owing to the varying power angles between e.m.f. vectors of 
the generators) variations of the phase currents, voltages and other 
electrical quantities may occur, similar to those occurring in the 
case of power swings caused by disturbances to the static or dynamic 
stability of the system. 


Immediately after unsynchronized reconnexion negative and zero phase- 
sequence components may appear for a short time due to partial reclosures 


resulting from the sequential making of the circulrt-breaker contacts. 


We will assume equal positive and negative sequence impedances and 
also that the station e.m.f’s NM (Fig.la) have the same magnitude. 
Referring to the equivalent circuits (Fig.1ld), the negative and zero- 
sequence currents will be: when a single phase is closed: 


2 (1) 


0 
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PR-2 PR-3 PR-4PR-5 PRE 
00 


A 


Fig. 1. Actual circuit and equivalent circuits of various phase- 
sequences during unsynchronized automatic reclosing. 


when two phases are closed 


= 2 sin 


(IT) 
I, 


(II) 
I, 


where 


Ze and Zo, are the total impedances of the positive and zero sequences 


of the whole system; 


> is the difference of the e.m.f. vector angles of the generators in 
partially reclosed operation. If we assume that 5 can reach 180° 
during unsynchronized reconnexion the maximum negative and zero 
sequence currents will, according to equations (1), (2) and (3) be 
determined in the following way: 


When >1 
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(7) 
Zoe 


The above expressions for electrical quantities as functions of 
after unsynchronized reconnexion are the same equations as in the case 
of power swings or loss of stability when the oscillations are initiated 
by a short-circuit. The only difference between unsynchronized 
reconnexion and power swings following short-circuit is that 5 may take 


values up to 180° (in the first case) whereas in the second case o, 
being initially the angle under the operating conditions preceding the 
short-circuit, cannot change discontinuously and will become large 
only a certain time after the oscillation starts. 


Incorrect operation of relay systems during oscillations is due 
to the fact that unsynchronized automatic reclosing may occur at large 
values of 0 and, after reclosing, asynchronous operation and oscil- 
lations may take place. 


The behaviour of distance relays on a line, the circuit of which is 
indicated in Fig.1(a), is considered as an example of the behaviour of 
such protective systems after unsynchronized reclosing. We analysed 
the response of the relay units RZ-4,RZ-5 of this system. The analysis 
was carried out in the complex impedance plan (Fig.2). The results 
of the analysis may be summarized as follows. 


The distance protection operating with an impedance relay and a 
directional power relay, may operate incorrectly on unsynchronized 
reclosing if the electrical centre of the system is situated inside 
the protected zone or in its immediate neighbourhood. In cases in 
which the electric centre of the system during the unsynchronized 
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The behaviour of relay protection on unsynchronized reclosing 


Fig. 2. Analysis of the behaviour of distance protection during 
unsynchronized reclosing, represented in the complex resistance- 
impedance plane. 


(1) Characteristic of the impedance relays of the protection 
units PR-4 and PR-5 (Fig. 1); 

(2) Characteristic of the directional power relays PR-—4 and PR-5; 

(3) and (4) Characteristics of the directional impedance relays 
of PR-4 and PR-5. The straight line 0’ 0” is the locus of 


the impedance vectors at the terminals of the relays PR-4 
and PR-5. 


reclosing is behind the busbars of the sub-station in which the pro- 
tection is installed, the possibility of an incorrect operation may 
be eliminated by using, for example, for a protection relay PR-5 
(Fig.2) an impedance relay having a directional distance element. 


It follows that we arrive at the same conclusions as resulted from 
the analysis of the behaviour of distance protection under power 
swings (2). 
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Protection systems responding to negative and zero-sequence components 
and acting without time-lag may also operate incorrectly on unsynchronized 


reconnexion. 


An instantaneous zero-sequence relay may operate if its setting 
current is smaller than the maximum zero-sequence current at unsyn- 
chronized reconnexion (cf. expressions (5) and (7)). The behaviour of 
a directional instantaneous zero-sequence relay during unsynchronized 
reconnexion depends on the behaviour of its directional power element. 
If, on unsynchronized reconnexion the zero-sequence current at the 
location of the relay set for the direction towards the busbars leads 
the voltage of the same phase-sequence, the directional power element 
will not respond and, consequently, neither will the directional 
zero-sequence relay. This, for example, corresponds to the behaviour 
during unsynchronized reconnexion of the protective equipment PR-4 in 
the section BM (Fig.la). The zero-sequence relay can be rendered 
insensitive to the effects of partially reclosed operation by the use 
of an auxiliary relay with delayed action, having a time-lag slightly 
greater than the time required for closing the contacts of all three 
phases of the circuit breaker. 


During unsynchronized reconnexion it is also possible for incorrect 
operation to occur in directional protection with carrier-current, 
lock-out, for example, a protection of type RZ-164. At the inception 
of the asymmetric conditions the protection is started, and when the 
asymmetry disappears, the directional elements of the protection are 
switched over to phase current and line voltage; the protection can 
then operate just as in the case of symmetric short-circuits on the 
protected element. The protection located in the section reclosed 
out of synchronism may operate also before the disappearance of the 
asymmetry if the voltage transformers are connected to the busbars, 
and the unsynchronized automatic reclosing is carried out by a circuit- 
breaker requiring a comparatively long time for closing the contacts 
of all three phases (e.g. a circuit-breaker with individual drives for 
each phase). 


Differential current protective systems of all types, including 
phase comparison systems, should in principle never operate incorrectly 
on unsynchronized reconnexion. 


Most of the devices, nowadays widely used, for lock-in protection 
systems in the case of power swings are based on two principles, viz. 
(1) on the use of the different character of variation of the elec- 
trical quantities in the case of short-circuits and power swings 
respectively and (2) on the principle of starting the protection at 
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the appearance of negative or zero-sequence components for a time 
sufficient for its operation. The devices based on the first principle 
prepare the relay circuit for tripping in the case of a sudden dis- 
continuous variation of the phase or line currents and/or voltages. 

The devices based on the second principle prepare the relay circuit 
tripping when asymmetrical conditions arise. Both types of device 
terminate the operation of the protection before the angular phase 
difference, 5, between the generators rises to a dangerous value 

(i.e. from the viewpoint of a possible incorrect operation of the 
protection). 


Since in the case of unsynchronized reconnexion a sudden discon- 
tinuous variation of the currents and voltages of all phases, as well 
as negative and zero-sequence components may occur, the lock-in 
devices mentioned above may be activated just as in the case of short- 
circuits. Consequently, the protection may operate in the case of 
unsynchronized reconnexion until its operation is terminated by the 
lock-in devices. However, we should not conclude from this fact that 
it is impossible to use lock-in devices for preventing incorrect 
operation of the protection during unsynchronized automatic reclosing. 


Let us consider the possibility of using for this purpose lock-in 
devices based on the principle of having the protection started by 


negative-sequence components of the voltage and current (U,, I,). 


Lock-in devices used for preventing a response of the protection 
to power swings may also be used for preventing such an incorrect 
operation in the case of unsynchronized automatic reclosing. For this 
purpose the voltage or current setting of the starting element of such 
a device must be greater than the negative-sequence voltage or current 
associated with unsynchronized reconnexion at the location of the 


device. 


This method of selection is conditional on 


{ U, 


2 sh.c.@in 


where 


U, sh. c. ein is the minimum negative-sequence voltage at the location 
of the protection in the case of a short-circuit in the protected zone; 
—_— the required coefficient of sensitivity. 

It should be noted that this condition is more easily satisfied in 
cases where the relays are located at points remote from the enclosed 


section. 
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Lock-in devices with time-controlled lock-out may be used to 
prevent incorrect operation of the protection of any section of the 
system, except the one reconnected, if unsynchronized automatic 
reclosing is carried out after the clearance of a short-circuit, i.e. 
after the operation of the relay protection. 


It is well-known that in a system equipped with automatic reclosing 
gear the resetting time of the lock-in devices with time-controlled 
lock-out is selected after consideration of the time required for 
clearing a persisting short-circuit after unsuccessful reclosing. 
Consequently, the lock-out device started at the inception of a short- 
circuit and terminating the operation of the protection after a short 
time, may lock it in the case of unsynchronized reconnexion. If this 
principle is used it is advisable to use more sensitive starting elements. 


For reliable locking, for example, of the protection RZ-3 at unsyn- 
chronized reconnexion of the line section BM (Fig.1), the following 
condition must be satisfied 


l k 


rel Uset 


2A sh.c.min 


where Ui, sh.c.min 15 the minimum negative-sequence voltage at the 
location of PR-3, set-up by a short-circuit in section BM; k is 
the coefficient of reliability (kee) > §). 


rel 


A lock-out device with time-controlled lock-out may be used to 
prevent incorrect operation of a protection in the case that the 
protection is located not far from the reconnected section. 


The use of a combination of negative and zero-sequence components 
for starting the lock-out devices may in some cases slightly improve 
the reliability of locking the protection in the case of unsynchronized 
reconnexion. 


To prevent incorrect operation of the protection on unsynchronized 
reconnexion it is desirable to desensitize the starting elements of 
the lock-out device where possible. It will then be possible to use 
lock-out devices with time-controlled, as well as with high-speed, 
lock-out and also to use a circuit for automatic asynchronous reclosing 
started by a “discrepancy circuit”. 


Let us consider the lock-out characteristics of the protection for 
line sections which may be reconnected unsynchronized. 
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It is well known that in cases in which the lines are equipped with 
automatic reclosing gear the lock-in circuits must be designed so that 
the protection is rapidly reset after a clearance of a short-circuit in 
the protected zone. The protection reset after the clearance of a 
short-circuit may spond to asynchronous reclosing in the same way 
as in the case of success ft closing. For this reason lock-in 
levices with time-control! if the conventional type cannot 
in this case prevent incor ation of the protection. Desensiti- 
zation of the wm elemet the le levices may in this 
case find o licat inimum negative sequence 
voltage or current at t lo f the p m will frequently 
be smaller rit ircuits in the cted section than during 
unsynchroniz re nnexior f this ‘ction, : partly 
explained | i mat on unsynchronized reconnexion the whole 
negative-seq' current passes through the reclosed section, whereas 

“ase of a ort-circuit the irrent is divided into two parts. 

it is impossib! ») render the protection insensitive to the effect 

unsynchronized 1 ; t by desensi at n of the starting elements 

the lock-out reclosing must carried out in the 


following way. 


Fig.3 Sequence of the unsynchronized reclosing of the line section 
AR. The contact of the line voltage relay is closed when the line 


is iive, 


The line f "ec | od from end A (Fig.3) in the absence of an 
opposing voltage. : sing from end B is carried out only when the 
‘losing from the end A is successful, i.e. if there is no sustained 


fault on the line. After successful reclosing from end A, the protec- 


tion is made inoperative and reclosing from the end B is carried out 
after the protection has been made inoperative. To render the use of 
this method possible is necessary in addition to making ineffective 
the protection at the I i, to use at the end B the lock-out device 
operating in the case of power swings with time-controlled deblocking 
and prevention r i resetting of the protection after the clear- 
ance of the short-circuit. 
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selective protection 


From non-selective protection 


From pr tection 


Fig.4 A possible modification of the circuit for unsynchronized 
automatic reclosing. 


1B, 2, 3C, 4R, SR, GR, elements 
of relay EVP. 285; 


7U signalling relay; 

12SL incandescent lamp; 

15NL neon lamp; 

S8, S14, S24, S25 change-over 
switches; 

18P, 19N, 20V, 21R, Lock-out 
devices with time-controlled 
deblocking; 


13V voltage relay type EN, 529; 
CS control switches; 


OP, 17P, 22P intermediate relay 
type EP. 101; 


11P intermediate relay type EP. 131; 


10P intermediate relay with series 


winding; 


16N intermediate relay, Type EP. 106; 


23R series resistance. 


The contacts as shown in the positions occupied by them when the line 
is closed and the circuit ready for operation. 
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A possible modification of the automatic reclosing gear, satisfying 
the conditions discussed is shown in Fig.4. This circuit is based on 
the commercial circuit APV-2, but is started by the relay protection. 
It contains change-over arrangements enabling the line to be tested 
from either end.* The change-over arrangements in the circuit of 
Fig.4 are shown in the position for testing the line. Relay 13H is 
designed for carrying out the detection of an opposing voltage, 
rendering the protection ineffective at end A after successful test 
of the line is carried out in the following way. 


Simultaneously with the despatch of a closing signal to the circuit 
breaker, relay 16P starts operating. Its normally open contact I16P, 
is closed and shunts the time relay 20V, whereas its normally closed 
contact 16P,, opens and interrupts the circuit of relay 18P. The relay 
20B returns then into its initial position and cannot operate until 
the contact 16P_ of relay 16P drops off, and relay 18P biases the 
protection circuits and the windings of relay 20 EV. When the circuit- 
breaker contacts have closed, the armature of relay 16P drops off with 
a certain time lag. Owing to this, relay 20V will operate once more 
and the protection will become ineffective after its contact 20V,, 
has closed. In this way the lock-out device blocking the protection 
in the case of power-swings may be used for the same purpose during 


unsynchronized automatic reclosing. 


The circuit contains further an intermediate relay 22P, for rapid 
deblocking of the protection when the circuit is used for reclosing 
from end 8. This ensures rapid isolation of the line in the case of 
asymmetric short-circuits, when owing to an irregularity in the auto- 
matic reclosing circuit reclosing from end B takes place earlier than 
that from end A. 


Conclusions 


(1) Protection systems having to operate under the asymmetrical] 
conditions produced for a short while during unsynchronized reclosing, 
can be neutralized against these effects by the use of an auxiliary 
relay with slightly delayed action. 


(2) The lock-out devices neutralizing the protection against the 
effects of power swings may also be used to prevent incorrect 
operation of the protection on unsynchronized automatic reclosing. 


* Testing is to be taken as meaning automatic reclosing of the line from one 
end in the absence of an opposing voltage. 
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In some cases this is obtained by desensitizing the starting elements 
of the lock-out devices and in others by using more sensitive starting 
elements and providing them with time-control deblocking devices. 


(3) Incorrect operation of the protection of an unsynchronized 
reclosed section may be prevented in all cases. 
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GENERATORS FOR ELECTRIC SPARK-MACHININC 
OF METALS* 


A.L. LIVSHITS AND I.S. ROGACHEV 


In electric methods of machining metals the metal is cut or its struc- 
ture and durface finish altered thermally or chemically by an electric 
current supplied direct to the tool or work. Electro-erosion is a 
special type of electrical machining based on joule heating. 


Three fundamental conditions must be satisfied if electrical erosion 
is to give true-scale machining and if the blank is to reproduce the 
tool electrode shape faithfully. 


(1) The current pulses supplied must be sufficiently short, the 
“feed rate” being determined by the distance between the elementary 


portions of the electrodes. The maximum pulse durations 

t.< 10°" sec [1] and t.< 107? sec [2] recommended in the 
literature cannot be confirmed. The precision of the tool-shape 
reproduction and the cutting rate are increased, and the tool 
wear and power consumption reduced, if the pulse duration is 


between 10°? and 107? sec. Only under “soft” operating condi- 


tions, in machining hard alloys and for delicate work should the 
pulse duration be reduced to 0.15 x 107~’sec [3,4], or less. 


The area between electrode and work to which the pulse is supplied 
wust be fairly small to obtain the required energy concentration 
together with acceptable finished maximum surface-roughnesses. 
The area varies with the working cond tions from 10° mm* to 
f= 
several mm* and the maximum surface roughness from 107° to 0.5 mm. 


The pulses must be supplied continuously at the requisite fre- 
quency and space-mark ratio. 


* Elektrichestvo No.3, pp. 19-23, (1957). [Reprint Order No. EL. 17) 
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The pulse repetition frequency in electro-erosion lies within 
the audio range. The pause space mark ratio varies from 1.1 to 
10-10?. 


The above conditions are satisfied by supplying the electrodes 
through a discharge channel (making arc or spark) or through a contact 
between micro-roughnesses of the electrodes moving relatively to one 
another (breaking arc or spark) [3]. In the first case a special 
voltage pulse source is required, viz. an impulse generator; in the 
second case, a mechanical device which produces a relative electrode 
displacement (rotation, vibration, etc. is required, the electrodes 
being connected into a d.c. or a.c. circuit. Combined electrical and 
mechanical generation systems are also possible. 


The load on the impulse generator is the erosion gap, i.e. a short 
arc or sparking and arcing discharge between the electrodes. The 
distances between the electrode sections, the volume and surface 
concentrations of the erosion products in the working zone, the condi- 
tions of particle and gas removal, etc., may all vary during the 
operation. Different types of generators will react differently to 
such variations. If the amplitude, duration and frequency of the 
impulses supplied by the generator do not depend on the physical 
conditions in the erosion gap, they are termed independent. If this 
is not so, they are referred to as dependent. Certain generators have 
some parameters (e.g. polarity, mark-—space ratio) which depend on the 
conditions in the erosion gap, whereas others (e.g. the frequency) 

do not. 


958 


The method of generation, the type of generator, type of current, 
working fluid, polarity, tool material, etc., imply certain differences 
between electro-erosion methods. For example, the spark-cutting method 
uses electrical generation, a dependent (relaxation) generator, asym- 
metric pulses of alternating polarity, an insulating fluid, direct 
polarity (tool-—cathode, work-anode). The new electric— impulse method 
[3] also uses electrical generation, an insulating liquid, but an 
independent generator, unipolar current pulses, and reversed polarity (in 
working steel). The mechanical—anodic method uses mechanical generation 
via a dependent generator, unipolar current pulses, an electrolyte 
(waterglass) and direct polarity. The electric-contact method differs 
from the mechanical—anodic method in the preferred use of pulses of 
alternating polarity and in the working medium (air, water, less fre- 
quently oil). Because the two latter methods involve relative motion 

the chances of reproducing the shape of the tool electrode are 
restricted. 
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is polar in nature, i.e. with given electrode 


Electrical erosion 
medium and pulse parameters, there is a definite 


materials, working 
removal of metal from 


pulse polarity which gives the maximum rate of 
the minimum from the tool. Also if an unsuitable polarity 


the work and 
liquid medium deposit on the 


is used solid pyrolytic residues from the 


electrodes, which disrupts the steady erosion process and spoils the 


f f the work. So electro-erosion should employ unipolar 


Surtace ol 


Machining t ‘ impulse yf considerable duration increases 
the rate of re l « nate y a factor 10, reduces the relative 


wear by factors energy consumption by factors of 


5 relative t impulses produced by a depen- 


relaxation gen tor 3). 


new branch of electrical engineering had to be developed, 


yf strong unipotar impulse currents at low voltages 


at audio- It is very difficult to generate such currents 


because ther re n uitable generators. This led t 


ise 78 is ti ng the form of dependent relaxat ) generators 


‘omprom i 
ie 
t RC, 


f asymmetrical alternating current and voltage impulses (of 


RCL, RCLL, tc.) u tf ipply spark-machining units (3), and of 


rotary asymmetrically alternating impulse voltages 


In princip] if unipolar voltage pulses can be based on: 


(a) current interruption (b) rectification of sinusoidal or pulse- 
type alternating l es; >) superposition of direct and alternating 
e.m.f.’s lif en ave—f 1) direct generation; (e) various 
Two types ulse generator using current interruption 
a) ‘upters, first realized 
in 1951, similar to the 
engineering (6) and (b) with 
ially for electro-impulse machining. 
produce currents of some 10 A at fre- 


to 


Their use is limited soft 


half-wave rectification of 
‘quencies using semi-conductor 
between 1950 and 1955 for fre- 
$/sec. and currents up to LOO A at an 


The advantages of such systems are 


i 
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simplicity and reliability and the possibility of supplying several 
independent circuits simultaneously by using both half-waves. Draw- 
backs of selenium rectifier generators are the inverse current half-wave 
due to the inverse conductivity of the barrier layer and its consider- 
able capacitance, furthermore the need for special voltage supply at 
frequencies above 50 pulses,sec. (frequency converter, or for mark-space 


ratios exceeding 2, a generator of alternating pulses). 


When selenium is replaced by new semi-conductor rectifiers (germanium, 
silicon, etc.) considerable current densities can be used, the capacitances 
being also small and the back-resistances high; this extends the useful 
frequency and current ranges considerably, and has added advantages of high 
efficiency and sma]l dimensions. Electronic systems could give any fre- 


quency but are out of the question because of the small attainable 


currents. Ionic rectifier systems (thyratrons without grid-—control) 
could furnish frequencies up to 3 — 5 kc/s '4]), but only at low effi- 
ciencies, and would also be unduly bulky, even if only required to supply 
currents of around 0.1 A. The use of mercury power rectifiers is limited 
by their frequency range (500 — 700 pulses/sec) and low efficiency at the 
low voltages required, 


The simplest way of obtaining unipolar pulses by superposing direct 
and alternating e.m.f.’s of different forms is to use a sinusoidal 
alternating e.m.f. In this case the direct component must equal the peak 
alternating voltage; however, the relative pulse duration obtained by 
interrupting an arc discharge at 20 —- 30 V will be very large, this being 
undesirable for work in an erosion gap. To obtain a pulse of shorter 
relative duration we require an asymmetrical pulse voltage source, 
obtained from special rotary generators or electronic or ionic apparatus. 
A drawback of superposed voltages is the need to use two supplies of 
specially chosen and matched characteristics. The limiting frequencies 
and currents are determined by the characteristics of the voltage sources. 


Unipolar pulses can be generated directly by using ionic or electronic 
apparatus and rotary generators. 


Ionic generators are preferable owing to their relatively simple 
construction when powerful unipolar pulses of low frequency (up to 150 
pulses/sec) of controllable amplitude, relative duration and frequency 
are required. The power from ionic generators is practically unlimited, 
so the rate of removal of the metal is also unlimited. For example, with 
the ionic generators developed in 1950-1951 in the Ministry of the 
“Machine Tool Industry [3], a rate of removal of material was ~ 6000 mm 
this being 8-10 times higher than the limiting rate of removal in spark- 
machining. Disadvantages of independent ionic generators are their much 
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more complicated circuits for obtaining high frequencies, their low 
p.f.s and efficiencies, high transformer ratings and non-sinusoidal 
mains load currents. 


generators using valves can provide low currents and higl 
hard valves designed for 
10-100 A (RMS) at voltages around 10 V. The develop- 
le germanium or silicon power rectifiers will greatly 
generator. Combined electronic and ionic unipolar 


generators may also be considered (4). 


rotary pulse generators form a new branch of electrical engineering 
e 1951. We can distinguish machines for generating 
i1lses directly and machines generating alternating pulse 
ltages, subsequently rectified either within or outside the machine. 


Commutatorless d.c. machines must involve the circuit being altered in 
time by continuously ducing new circuit elements via sliding contacts. 
This is the principle on which a unipolar commutatorless d.c. machine 
is based. One of the authors (8) has suggested that this principle could 


also be 4 for producing unipolar pulses. 


Let us imagine that the air gap in a unipolar d.c. machine varies 
periodically in width around the armature periphery, due to the arrange- 
ment of stator teeth (Fig.l). The flux density in the air gap will then 


\ 


} 


Fig. 1. General system of the unipolar generator. 


also vary periodically. When the armature rotates at constant speed, 
e.m.f.’s will be induced in the bars of that armature winding, the 
instantaneous values of which will be proportional to the flux densities 
under the bars. If the ends of the bars are connected to slip rings 
running under brushes, the e.m.f. between the brushes will always have 
the same direction. By appropriate choice of air gap and stator slot 
dimensions, the minimum e.m.f. can be kept sufficiently small and the 
pulses will be practically unipolar and of a quite satisfactory form. 
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The frequency of the unipolar impulses is 


zn/60 


where z is the number of stator teeth; nxn the rotor speed in rev/min. 


The maximum 


where k is the number of series-connected bars in the winding (no. of 


pairs of slip rings); 
maximum flux density in the air gap, 
active length of a bar, m; 


peripheral speed of the armature, m/sec. 


Fig. 2. General view of a unipolar pulse generator. 


The Department of Electrical Machinery at Kharkov Polytechnical 


Institute carried out the design and testing of an experimental unipolar 
mean voltage of 15 — 20 V and a 


generator for a mean current of 150 A, 
frequency of 800 pulses/sec on behalf of the Ministry of the Machine 
Tool Industry in 1953-55; it was produced by the Kharkov Electrical 
Machine Works [9]. Fig.2 is a view of this generator, Fig.3 showing 


oscillograms of the voltage and current. 


The second group of rotary pulse generators are those which generate 


alternating pulse voltages, subsequently rectified. 
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Fig.3. Voltage (uw) and current (i) oscillograms for the 
unipolar pulse generator. 

One style of self-rectifying pulse generator was suggested by the 
authors jointly with Perchik and Borisenko 10,11], and designed by 
the Department « Slectrical Machinery at the Kharkov Polytechnical 

a pole-changing magnetic system and poles 


“otor, and an armature winding, situated, 


correspondingly, on le r vy or stator. The ends of the armature 


winding are led t the commutator consisting of two systems of 
bars arranged alternately and insulated from one another. The number 
of bars equals the number of poles. The bars of each system are 
electrically interconnected, and each system is connected to one end 
of the winding. Two systems of brushes run on the commutator, so 
arranged that the brushes of either polarity are simultaneously only 
on one system of bars and have a relative displacement corresponding 
to the width of a bar. The pole arc/pitch ratio is chosen much 
smaller than normal (lower than 0.5), and the armature winding is 
arranged under the poles in narrow segments. This design produces an 
e.m.f. of very marked pulse character. Fig.4 shows diagrammatically 


Fig. 4. Theoretical circuit of commutator-type pulse generator. 
1)- Stationary poles with field winding; 
2 - Rotating armature winding; 
3 - Commutator. 
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a generator with a four-pole stationary magnetic system 1 and rotating 
armature coil 2, placed in four slots. The ends of the winding are led 
out to the commutator 3, consisting of four bars on which the brushes 
run. It is easy to design this generator for the desired voltage 
which, with given dimensions and speed, is determined by the number of 
armature conductors connected in series. 


The frequency is 


f = pn/30 


where p is the number of pole pairs, n being the rev/min. 


Since the armature winding occupies only a small part of the peri- 
phery, two or more independent windings can be used, each having its 
own commutator which can be connected to separate loads. 


Experimental generators of this type were produced in the Kharkov 
Polytechnical Institute and in the Experimental Machine Tool Research 
Institute and were found to work very satisfactorily with an erosion- 
machining load. The Kharkov Polytechnical Institute designed and 
investigated a number of generators of a type suggested by the Experi- 
mental Machine Tool Research Institute and built by the Kharkov 
Electrical Machine factory, for frequencies up to 1000 pulses/sec, 
mean currents up to 300 A, mean voltages up to 40 V, and also designed 
a batch of experimental generators producing 400 pulses/sec, mean 
currents of 80 A and mean voltages of 30 V [12] from tests carried out 


Fig. 5. General view of commutator-type pulse generator. 
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at the Experimental Machine Tool Research Institute. Fig.5 is a general 
view of such a machine, Fig.6 showing current and voltage oscillograms 
of one of the generators. 


Fig. 6. Voltage (u) and current (i) oscillograms for the 
commutator-type pulse generator. 


The commutator-—generator is most suitable for currents from 10 — 20 
to 500 — 600 A and for frequencies from 150 to 1000 pulses/sec. 


The generator may alternatively be connected to a rectifier inside 


or outside the machine. 


This type of commutator-generator with full-wave rectifier may also 


be provided with a half-wave rectifier. For this purpose the ends of 
the windings are also brought out to slip-rings. The load is connected 
between the ring and the commutator. This halves the pulse frequency 
and the relative duration is considerably reduced. Two independent 
loads can then a] plied simultaneously. This kind of operation 
was investigated with one of the generators and proved to be quite 
reliable, apart from the increased stability of the operation in the 
gap, due to the smaller relative pulse duration. 


Comparison of these rotary generators with other types of indepen- 
dent generator indicates that in the ranges 10 — 600 A and range 
150 — 1000 pulses/sec they exhibit considerable advantages, viz. the 
conversion from mains a.c. to unipolar current impulses is shortened 
from three stages to two, the efficiency is increased by a factor 
1.5 = 2, the p.f. g also increased; the number of units is 
reduced by factor 1.5 — 2, the working conditions are considerably 
simplified and the reliability improved. 


Rotary unipolar impulse generators are at present the best source 
of supply for electric pulse-machining installations. The Ministry 


ws 
al 
| 
/ 
4. 
bl 
4 
2. 
“a4 5 
re 
a 
a4. 


Generators for electric spark-machining of metals 


of the Electrical Industry has now released the first series of 
generators for electric-impulse broaching and copying machines. 
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STEADY — STATE STABILITY OF A TRANSMISSION SYSTEM 
WITH CONTROLLED SYNCHRONOUS CONDENSERS AT THE 
SECTIONALIZING SUBSTATION* 


N.I. SOKOLOV 
(Received 1] June 1956) 


One of the first (chronologically) methods suggested for improving the transmitting 
capacity of long transmission lines was their sub-division into sections and the 
erection of synchronous condensers in the intermediate sub-stations. The original 
publication of this method, subsequently known as Baun’s circuit took place in 
1921 [1]. The basic assumption was that the stability of each section of the line 


could be considered as independent of that of the other sections. 


Further experimental and theoretical work on the subject revealed that the 
increase of the transmitting capacity has to be bought by particularly high rating 
of the synchronous condensers [2]. It was mainly due to the fact that on trans- 


mission lines with synchronous condensers were not actually erected. 


In 1937 S.A. Lebedev [3] showed that in the presence of an automatic regula- 
tion of the excitation it is basically possible to reduce the rating of the inter- 
mediate synchronous condensers to economically justifiable values. Analogous 
calculations were also carried out for the case of synchronous condensers fitted 
with compounding-gear [7]. 

The necessary kVA for intermediate synchronous condensers are determined 


by the requirement of keeping the voltage at the ends of each section constant 


when the limiting power is transmitted over the line. The latter will be greater, 


the greater the active power transmitted through the line in comparison with the 


natural power of the line. When the natural power is transmitted, the synchronous 
condensers work on no-load. 

However, the usual excitation regulators (electronic regulator of the All-Union 
Electrotechnical Institute, compounding-gear with corrector, etc), cannot assure 
constancy of the voltage at a given point when angle swings occur, since in this 
case large amplification factors and high-speed action are required. The best to 
be obtained from ordinary excitation regulators is the constancy of the e.m.f. 


* Elektrichestvo, No. 5, 25 — 30, 1957 [Reprint Order No. EL 18). 
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Transmission system with controlled synchronous condensers 


behind the transient reactance of the generator. The limiting transmitting capacity 


is in this case considerably smaller. 


S.A. Lebedev’s investigations demonstrated the possibility of a transmission 


through a sectionalized line of large powers with intermediate syachronous con- 


densers of relatively smal! rating if sensitive automatic high-speed excitation 

regulators are used, and if their regulation is controlled by derivatives of the con- 
trolled quantity. The introduction of the first derivative of the voltage enabled the 
limit of the constancy of the e.m.f. behind the transient reactance to be surpassed 


and constancy.of the voltage at the generator terminals approached. 


The investigations of the stability of the synchronous condensers referred to 
dealt only with an idealized regulation without considering the transient processes 
in the generators and the time lags in the excitors and regulators. Yet they were 
still the first to reveal the real possibility of a very considerable increase of the 


transmitting capacity of transmission systems. 


Up to the present time there were not regulators perfect enough to permit a 
regulation according to the deviation of the controlled quantity and its derivatives. 
The regulators used by 5.A. Lebedev in 1937 in his laboratory experiments were 


imperfect and that was why his experiments did not vield realistic results. 


In recent years comprehensive investigations into the stability of syachronous 
generators working on long transmission lines were carried out and regulators 
designed of equality assuring during the transient process not only constancy, but 
even an increase of the flux-linkages of the rotor without provoking hunting pheno- 
mena. These regulators may maintain the voltage at given system points constant, 
thereby considerably improving the steady-state stability of the transmission sys- 
tems. They are now known as strong-action regulators and usually respoad not 
only to a deviation, but also on the first and second derivatives of the deviation. 
The strong-action regulators were investigated theoretically and on electric 


models [4] and [5], and were tested under operating conditions. 


Investigations and tests of strong-action regulators on the generators showed 
that they are likewise useful for synchronous condensers erected in the sectional- 
izing sub-stations. However this calls for an additional theoretical clarification of 
the effect of the transient processes in the generator on the regulation of the 
synchronous condenser, the combined regulation of generators and synchronous 
condensers, and furthermore, an investigation of the stability of the regulation 
with unchanged coefficients of the regulation and changes of the loading of the line 
within a wide range; also, the possibility of increasing the transmitted power with 
a minimum rating of the synchronous condensers and of their concentration in one 


sectionalizing substation should be examined. 


All these problems were theoretically investigated in the Ceatral Electro- 
technical Research Laboratory of the Ministry of Power Stations. 
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The investigations of the effect of intermediate synchronous condensers on 
system stability were based on the method of small oscillations; simplified 
equations of the synchronous machines (without transformer e.m.f’s) were used and 
the resistances in the stator circuits were neglected. Since the relation between 
the electro-magnetic torques of the machines and the angles between the e.m.f.’s 


is non-linear, the equations were linearized in the range of smal! deviations. 


Let subscript | denote quantities referring to the sending-end station, sub- 
script 2 those referring to the receiving system, 3 those referring to the sectional- 
izing substation. Let us, furthermore, consider the power of the receiving system 
as infinite. The equations of motion may then be written for every station (not 


considering mechanical friction and the effect of damping) as follows: 


AP 4 li, 5 0: \P, + Tj, \5,, 0; 


2 


(1) 
6, = O, = p’ ds, 

The deviations of the powers are a function of the relative angles and e.m.f.’s of 

the generators (cf. appendix) and may be expressed linearly by the partial deriva- 

tives with respect to the corresponding variables. Using also the expressions of 

the deviations of the torques by the deviations of the synchronous and transient 


e.m.f."s and iatroducing the well-known relationship between them, viz 
de, \Ed, Td, pt ‘ds 
Medes \Fd, ds pt d, 


(2) 


We get the characteristic equation of the system of the three stations, not consider- 
ing the regulation, viz 
0,0, 0,0, = 0 (3) 


where (,, V,, V,, U, are third order polynomials depending on the parameters of 


the transmission system as well as on the power transmitted or the angle 


To consider the regulation of the excitation of the generators of the sending- 
end station and the synchronous condensors we introduce into the equations the 
transmission functions of the regulators: the characteristic equation of the sys- 
tem then takes the following form: 

M(p), M(p), 0.0.<0 
(4) 

It is clear that in such a relatively complicated system (of three stations) the 
coefficients of the characteristic equation will have a very involved structure and 
their investigation in a general form will therefore be laborious. The problem can, 
however, be greatly simplified by substituting numerical values into the initial ex- 


pressions. The result is still of a sufficiently general character to enable the 


analysis of a aumber of cases important for the practice to be carried out. 


In considering actual transmission systems it is convenient to plot the ranges 
of stability vs. two variable coefficients of regulation, for example, the coefficients 
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for the first and second derivatives. The other coefficients remain fixed. The 

‘ method of graphing these ranges from the characteristic equation is not described 
here because it is sufficiently well-known (8). 

4 For the generator as well as for the synchronous condenser the analysis was 


carried oat for regulation according to the angle between the e.m.f. of the genera- 
tor and the voltage of the receiving system; the coefficients of the regulation 


according to deviation were chosen on the condition of the constancy of the volt- 


age at the h.v. busbars of the sending-end station and sectionalizing substation. 
The regulation based on the angle was adopted only for convenience of the analy- 
sis. We may state that with a correct choice of the coefficients, regulation based 
on current, voltage or on both combined, leads to the same limit of the power trans- 
The theoretical analysis showed that 


mitted as a regulation based on the angle. 
by a close regulation on generators and synchronous condensers the limit of the 


power transmitted may be considerably increased, i.e. up to the ;ower limit of the 
weakest section. For example, the limit of the power transmitted through the line 
Kuibvshew Hydro-Electric Power Station — Moscow, may be increased to 1800 MW 


when the condensers are placed in the central sub-station, without the ase of 


longitudinal compensation. The angle between the vectors of the e.m.f. of the 
sending-end station and the voltage of the receiving system goes in this case up 
to 150°. We note that the theoretical limit of the transmitted power without 


intermediate synchronous condensers and without longitudinal compensation, but 


with close regulation on the generators of the Kuibyshev H.E.S., is 1150-1200 MW. 


The limit of the transmitted power could be further increased and the angle 
brought up to 180° if the location of the central substation could be chosen from 
the condition of equality of the angles between the voltage vectors of the busbars 


of the sending-end station and the intermediate sub-station, and also at the inter- 


mediate sub-station and the receiving end. In our consideration of the case we 
adopted the location of the sub-station foreseen in the project of the transmission 


system. 


The ranges of stability for various angles between the vectors of the e.m.f. of 
the sending-end station and the voltage of the receiving system are in a concen- 
trical position (Fig.l). This fact indicates that there is no necessity for altering 
the coefficients of the regulation when the transmitted power varies. The investi- 
gation also showed that regulation according to derivatives need only be used on 
the synchronous condensers, whereas on the generators it is sufficient to regulate 
according to the deviation without any stabilizing gear. Comparison of Fig.] and 2 
shows that use of regulation according to derivatives also on the generators leads 
only to a displacement of the stability range which may be useful in certain opera- 


tional circumstances. 


We see from the Table, the data of which were obtained without considering 
the shunting reactors, that the kVAr of the synchronous condensers required for 
keeping the voltage at the 400 kV busbars of the intermediate sub-station constant, 
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FIG.1. Stability ranges at angles d5= 100, 
125° and 150° and contro! (regulation) on 
the generators only from deviation and on 
the synchronous condensers according to 
deviations of the angle and its two deriv- 


atives. FIG.2. Stability ranges for angles 


The figures against the points of the S= 100°. 150° and regulation accord- 


curves indicate 27@, where w is the ing te derivatives on generators and 


quency of the free oscillations. synchronous condensers. 
The coefficients of regulation on the 
generators are assumed to be con- 


stants, viz. 3; 


TABLE | 


Angle 100° 


Power transmitted through the 


1300 1600 


Required rating of the synchro 


nous condensers MVA 


depend to great extent on the power transmitted through the line. It is 


clear that with 750 MW installed power of the synchronous condensers and 
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without longitudinal compensation the system can continuously transmit 1600 —1650 
MW. After faults in the system short-time transmission of 1800 MW is possible whan 
the synchronous condensers work with 100 per cent overload. Considering that a 
synchronous condenser works under normal conditions almost on no-load, the dura- 
tion of this overloading should not exceed | min. This time will be sufficient to 
permit the automatic load-shedding devices to reduce the loading of the system to 
the permissible limit. 


The investigation of the characteristic equation also showed that in the 


absence of an excitation control of generators on synchronous condensers the latter 
will produce practically no increase of the transmitting capacity of the line, even 
if their rating is fairly high (750 MW). 


The use of a strong-action excitation control makes great demands on the high- 
speed action of regulators and excitors. If the time constant of the exciter exceeds 
0.1 sec, the efficiency of the control is already considerably reduced. The use of 
a rigid feedback comprises the excitor enabling the time constant to be appreciably 
reduced, if the latter is mainly due to the parameters of the excitor winding itself. 
Time lags introduced by eddy currents in the massive poles, and also by currents 


passing through the auxiliary windings placed on these poles cannot be eliminated. 


An increase of the mechanical time constant of the synchronous condensers 
has a beneficial effect on the stability at smal! deviations, VN.A. Kachanova [7] 
has shown that an increase of the mechanical time constant is very useful in the 


case of large disturbances. 


The results of the theoretical investigations were corroborated by tests on the 
model of the Central Electrotechnical Research Laboratory of the Ministry of 
Power Stations in the Karamyshev H.E.5 [6]. 


For the model tests two hydrogenerators of the station, of ratings 1360 kW 
(1700 kVA) and an artificial line consisting of four reactors, capacitors and resis- 
tors, were used. The circuit of the model (Fig.3) permits the parameters of the 
system to be altered within certain limits. 


The time constant of the rotor and the mechanical constant of the generators 
of the Karamyshev station differ from the corresponding constants of the genera- 
tors of the Kuibyshev. For this reason the results of the experimental investiga- 


tion are more useful in a qualitative than in a quantitative respect. 


The model circuit was so assembled that one of the generators of the 
Karamyshev’s H.E.S. represented the sending-end station and the second the 
synchronous condenser. Corresponded to the actual line, the place of erection of 
the synchronous condenser would not coincide with the mid-point of the line, and 
its position on the line model was somewhat less favourable. 


Both generators were provided with regulators of the Central Electrotechnical 


Research Laboratory enabling regulation to be carried out either according to the 
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pply 6.6 kV 


FIG.3. Diagram of the model on the Karamyshev HES. Am — angle-measuring machine; 
B — exciter; G — generator. 


angle and its derivatives, or according to voltage and the derivatives of the angle. 


In the first tests the generator was regulated according to the angle and its deriva- 


tives, the condenser during one test series according to the angle and its deriva- 


tives, and during other tests, according to the voltage and the derivatives of the 


angle relative to the receiving end. The latter method of regulation was found to 


be more favourable in the practice, since it led to a higher limit of the transmitted 
power. This is explained by the fact that with an invariable coefficient of regula- 
tion according to the angle the relationship between the voltage in the sectionaliz- 
ing sub-station and the angle is non-linear owing to which the voltage varied con- 
siderably at load changes and loss of stability of the section of the transmission 
line sometimes occurred. The maximum angle that could be obtained in steady 
operation was 145°; in this case, the angle between the voltage vectors at the 

ends of the section was almost 90°. A further increase of the load resulted in loss 
of stability due to the stability limit of the section being exceeded. The character 
of this loss of stability was a vehement increase of the angle not preceded by any 


hunting phenomena. 


When the intermediate synchronous condenser was regulated according to the 


voltage variations and to the derivatives of the angle, and the generator only 
according to variations of the angle, practically the same results were obtained. 
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Conclusions 


The limit of the power transmitted over long transmission lines can be 
efficiently increased by the use of synchronous condensers erected in sectionaliz- 
ing sub- stations; theiruse is particularly indicated where it is necessary to tap off 
power at points along the line. In this case the use of synchronous condensers 
will not involve any complications of the lay-out of the sub-stations and in most 


cases not even the installation of additional transformers. 


The points of erection of the synchronous condensers along the line and their 


rating are determined by technical and economic considerations. 


Sub-stations may consume kVAr, thereby reducing, or even eliminating the 


need for shunting reactors. 


Appendix 


Characteristic equation of a transmission system with synchronous condensers in 
one sectionalizing substation. The power of the generating station may be ex- 
pressed in the following way by the generator e.m.f.’s and the angles between the 


e.m. f. vectors: 


Py = sin sin 


EE 
Py= sin + ain 


p, = tn by + sin 


In the system of equations (A,1) only two equations are independent. We take 

5,, and 5,, as independent variables. For station 2.... Eg: = Eq,. In terms of 
deviations, after linearization, we get 

OP, = A, SE.) + B, + Cy + D, 


A,2 
AP, = Ay + By + Cy + (4,2) 


OP, Fas 
Ai = 3, sin 


op, 
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OP, 


oP Eo, 


Dy con ty + by 


From equations (A,2) and (1) we get, 
A + B, \E = —(C, + Ty p*) D, Mess; 
Ay + By SE, — Cy — (Dy + p*) (A,3) 


The system of equations (A,3) must be solved with respect to the variables 


Eo, and E gs: 'o consider the magnetic asymmetric of the machine we write down 


the relationships between the quantities Fy and Eq, viz. 


(44; — 


443 X43 — 93 
conte: Ba + (1 + Ew 


Xu, Xy, etc., are the self and mutual inductive reactances in the equivalent rep- 


resentation of the generators by the quadrature components of the synchronous 


reactances. 
The system of equations (A,4) may also be written in terms of the partial dif- 


ferentials of the deviations, viz. 
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SE gy BBE + Fy gy + + 

BE gy Ey BE + Fy ME + Gy + My 

Tg SE = g + Fy gg + 
Tay gy = By BE + Fy + Oy + Hy 


The partial differentials F,, E,, F,, Fi, remain equal to the 


coefficients of FE, of the corresponding columns of the system of equations (A,4), 


for example 


The partial differentials of the deviations of the angles are. 


= = sin 
OE 443 * 3 
= — gin £ 
er 


+ sin E;; 


Substituting into equation (2) the values of the e.m.f.'s, we get from equations 


(A,5): 
= (Ey + + (Fi + + 


+ (Gy + + + (A,7 
SE = (Ey + pE) SE + pF yy) SEgs + 
+ (Gy + Wry + (Hy + pHs) 
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The deviation of the voltage on the rotor rings resulting from the action of the 
regulator may be expressed as follows: 
M (p); M (p), 
M (phy Abas M (ph 
= pT) (1 + ~ Ze 


We have for, Z(p) = (1 + pT ex) (1 + pT reg); 


where Tex is the time constant of the excitor; 
Teg is the time constant of the regulator. With regulation 
by an angle M(p) = k, + k,p + k,p’. 


Substituting the values Eo. E., obtained from the solution of the system of 


equations (A,3), into equations (A,7) and considering the expression (A,8), we get 


two equations involving A5,, and Aé,,, viz, 


M 
(a, + ) BBig + Qy = 0; 


(A,9) 
M (p) 


In equations (A,9) the coefficients of the deviations of the angles were obtained 


by substitution. 


The determinant composed of the coefficients of the angle deviations yields 
the characteristic equation (4) required. In stability investigations the character- 
istic equations must be written in explicit form and arranged in descending powers 


of 


REFERENCES 


1. F.G, Baum; Voltage Regulation and Insulation for Large Power Long Distance Trans- 
mission Systems, Trans. AIEE, 40, p. 1017 (1921). 

. PS. Zhdanov; The 1000 MW Transmission System Kuibyshev—Moscow, Elektrichestvo, 
No.13 (1936) 

. S.A. Lebedev; Investigation of artificial Stability, Reports of the All-Union Electro- 
technical Institute, No.40, Gosenergoizdat (1940). 

. MM. Botvinnik; Excitation Regulation and steady-state Stability of the synchronous 
Machine, Gosenergoizdat (1950) 

. V.A. Venikov and 1.V. Litkens; Effect of the Excitation Regulation on the Transmitting 
Capacity of long Transmission Lines, Elektrichestvo, No.11 (1955). 

. E.L. Bronshtein and M.S. Fezi-Zhilinskaya; Model of a long Transmission Line, Reports 
of Central Electrical Research Laboratory, No.2, Gosenergoizdat (1954) 

7. N.A. Kachanova and V.E. Kratikova; Investigation of the Methods of Improving the 
Stability of long Transmission Systems (A.C.) (1955). 

. M.A. Aizerman, Theory of automatic Control of Motors, State Publishing House of tech- 
nical and theéretical Literature (1952). 


> 
: 
: 
O55 ) 
ii 
fom 
= 


CONTROLLING A MILL WITH SEPARATELY DRIVEN ROLLERS* 
O.V. SLEZHANOVSKII 
(Received 12 December 1956) 


The separate drive of the rollers of large rolling mills, though possessing con- 
siderable advantages over group drives, complicates the control system and intro- 
duces some novel requirements, of which the basic one is the necessity of securing 
rolling without bending with a sufficiently uniform distribution of the loads between 
the roll-drive motors. Most existing systems do not satisfy these requirements; more- 
over, the systems are also unnecessarily complicated and do not ensure a satisfac- 


tory transient response. A new system proposed by the author (Fig. 1) is sufficiently 


simple and eliminates the above disadvantages. 


FIG. 1. Elements of the control circuit of a mill with individual roll-drives. 


The field windings of the generators are connected to a bridge ciruit fed by the 
common exciter EG'). The regulator AR co-ordinating speed and current of the roll- 
drive motors is connected in the diagonal arm of the bridge. When the control acts, 
the field of one generator increases and that of the other decreases. The regulator 


* Elektrichestvo No. 5, 12 — 20, 1957 | Reprint Order No. EL 19}. 


t The bridge circuit may also be formed by windings and ohmic resistances or by two 


windings and armatures of the exciters where two exciters are used. 
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windings are connected to the voltage drops in the sections of the main circuit of 
each of the roll-drive motors and to the voltage difference of the tachogenerators. 
The field windings of the motors receive their supply from the exciter EV whose ex- 
citation is provided by the amplidyne AM, so that the character of the transient pro- 
cesses comes near the possible optimum. This is achieved by arranging the m.m.f. 
of the input winding /A¥ in the positive direction, a “cut-off* of the field current by 
the differential winding DAM, and a positive feedback of the field currents PB. The 


m.m.f."s are denoted by Fim, Fdm and F pf. 


The m.m.f. of the input winding determines the polarity of the exciter in the 
steady-state. The differential winding is connected to the difference of two voltages, 
viz. a voltage proportional to the field current of the motor and the voltage of the 
calibrating potentiometer. The rectifier R 1 in the circuit of the differential winding 
prevents its action when the exciting flux of the motor increases, but towards re- 
ducing the field current. The rectifier 8 2, shunting the winding, limits its m.m.f. 


during periods of decreasing flux of the excitation. 


The steady-state characteristics of the control system of the excitation of the 
generators and of the roll-drive motors are shown in Fig. 2a and b. The method of 
plotting them is similar to that described in [1]. The analysis of the steady-state 
characteristics confirms in principle the usefulness of the system adopted. The re- 
sulting m.m.f. of the amplidyne AG of the generators is in all cases determined 
within narrow limits, and the m.m.f. of the amplidyne A¥ of the motors changes in 
such a way that it creates favourable conditions for the forcing of processes of de- 


creasing or increasing the fluxes of the roll-drive motors. 


By altering the amplification factor of the positive feedback for the motor field 
current and the m.m.f. of the input winding it is possible to adjust the character of 
the increase of the exciting flux in the most appropriate way to suit the actual con- 
ditions of operation of the drive. If the machines of the main drive have a low volt- 
age between segments, a smal! flywheel moment and a large magnetic time constarft, 
it is expedient to increase the m.m.f. of the input winding. Increased flux forcing 
at the beginning of the process is so obtained and the braking conditions are also 
established correctly from the viewpoint of energy economy, since the speed is first 
reduced by the strong increase of the motor field and then by the reduction of the 
generator voltage. Cases are possible where during a forced increase of the field 
the load regulator, tending to limit the current of the main circuit, also slightly in- 


creases the generator voltage above its rating. 


With machines having a large voltage between segments, which would not per- 
mit the voltages to exceed the rated values during braking periods, it is necessary 
to decrease the m.m.f. of the input winding and to increase the positive feedback of 
the field current. By this re-arrangement the initial forcing of the motor field is re- 
duced to the correct value and the forcing increased subsequently as the motor 
flux increases, in accordance with the requirements set out in [1] and [2). 


Rotating machines are not used as sources of reference voltages in the circuit 
suggested. The generator of the reference voltage of the voltage regulator is re- 
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placed by a voltage stabilizer and the 
of the 


the power regulator by a magnetic amp- 


generator reference voltage of 
lifier. Flexible feedbacks of the genera- 
tor voltage and field current are provided 
by a Birfeld differential-bridge circuit 


without stabilizing transformers. 


circuit introduces 


of this 


several novel characteristics. Fig. 3a 


The use 


shows that the transfer function A(p) of 
ofthe (ideal) differential bridge without 
load can be found as follows: 


U. =U; - 


ty tte (L + pr) 


In the balanced bridge 


separately driven rollers 


rg to 
hefe 
ai 
i 
d 
a 


— 
as 
™ 
~ 
r! CY, 


Comparing the expression with the trans- 
fer function of the stabilizing transformer 
(Fig. 3b): 
K(p) 


i 


we obtain K(p) = Ke 


It follows that on the assumptions made th 


of the stabilizing transformers 


k P where 

RAR + Ry) R, 

Neglecting leakage, i.e. assuming o = 1, and introducing 7, + 7, = 7; Ase As 


(1 pr). 


the stabilizing transformers have the same form. Since, however, the time constants 


1 


FIG. 2. Steady-state characteristics of the 
field contro! of the generators and motors. 


(2) 


e transfer functions of the bridge and of 


differ in most cases from the time 


constants in the circuits of the 
machine windings forming the 


branches of the bridge, the effects 


of the use of the circuits compared 
will also be different. 


5 
Uj 
Us U 
% 
@) 
FIG. 3. Stabilizing bridge and stabilizing 
transformers. 
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It is easy to show that this difference may be intrinsic. If the input voltage Uj; is 


1 + pT 
the exciter voltage Veg of the generators, we find from the relation / = Le 
e 
that when the bridge circuit is used, K Kp 
Ky, eg 66(1 + K, 8' 8 
Denoting —22 obtain 
U, = (3) 


The m.m.f. of the amplidyne supplied with the output voltage is approximately 
= Ky pe, Ky Us: 


where 7 


(4) 


When the stabilizing transformer is used the following expression results for the 
output voltage Uo: 
(l+pl],) |. 
* pE,=B6pE, 


YP (5) 


] 
(1 + pt) 


Analysis of the expressions for U/, shows that the bridge circuit enables a feed- 


back proportional to the net first derivative of the generator e.m.f. to be obtained 


whereas the stabilizing transformer gives with the same input voltage two compon- 
ents the first of which is proportional to the first derivative of the generator voltage, 


and the second to the second derivative. Also an additional time delay element is 


introduced which is determined by the denominator (1 + pr). 


To obtain an expression similar to (5) by the bridge circuit, it is necessary to 
have at the input of the bridge the voltage Ugg of the amplidyne, and not that of the 


exciter. 
Pleg 
Teg) 


‘ag 


Indeed, since in this case U. =U, 7 
( 


we get by transition from Uag to Fg, 


= KK, T.,(1 + pT,) pE, = pE, + ep7E,. (6) 
The m.m.f. of the amplidyne winding connected to Uy, will be 
Fe = K,. ( pT, ) = ( l + pT, ) pug. (7) 
where Ky, 
K, .= K, les r 


Comparison of the equations (5) and (6) shows that for small values of 7 they 


practically coincide. 


It is obvious that with relatively small values of r and with divergences between 
rand T the effects of flexible feedback obtained by means of stabilizing transformers 
and bridges respectively, are very much different for the same input voltage. Under 
these conditions the flexible bridge feedback acts like the feedback of a stabilizing 
transformer connected to the output of the following cascade. 


The above considerations enable us to explain the advantages of the accepted 
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method of increasing the anti-hunting time constant 7 to values equal to the time con- 


stant 7, of the generator [3]. 


In the generator - motor system considered [3] with amplidynes the expression 
for the flexible feedback assumes in the case of t = Ty a form similar to that ob- 
tained for the bridge circuit (4), and since by means of the feedback pF,, the deriva- 
tive of the generator e.m.f., is controlled, we obtain conditions resulting in uniformly 
accelerated transient processes of field control of the generator. However, the great 
varying values of time constants 7, encountered render it difficult to maintain the 
condition tr = Ty by the use of stabilizing transformers. This difficulty is obviated 
by the use of the differential bridge circuit where the problem resolves itself since 
T = Tyg. 

There is a fair number of systems in which control by the first derivative of the 
generator e.m.f. is advisable. The control system of the excitation of the generators 
of the main drives belongs to these. In developing the circuit, a basic flexible link 
was provided by the bridge circuit connected to the field winding of the generators. 
The use of an intermediate feedback, shown dotted in Fig. 1, should be avoided or 
its effect reduced to the minimum necessary with regard to the stability conditions. 


Determination of the parameters of the flexible feedback 
and character of the control operations 


For the generator voltage (not considering the action of the regulator, neglect- 
ing the time constants of the control windings of the amplidyne, eddy current effects 
and assuming a linear magnetization characteristic of the machines) the following 
equation can be written: 

(1+ (1 + (1 + pT) (8) 
where A = Ka KegKg, the amplification factor of the system: 
AF Wa, We, 


Ta Teg. Tg time constants of the amplidyne, exciter and generator respectively; 
Fag Fj - Fdg Fhe — Fhe the m.m.f. of the amplidyne AC; Fj, °F be: Fhe the 
m.m.f.’s of the input and stabilizing windings; Fdg = Kdg (Ug — Uco) the m.m.f. of 
the differential windings; 
=F; + co —U, (Ka, + (1 + pT,)}}. 
Substituting the expression for Fa, in equation (8), we obtain: 
U, =(F, + 
K pla) phe,) Phe) + K (Ka, + PIK,, (9) 


Up to the cut-off of the forcing, i.e. when the differential winding is not connected: 
l 
U,=F,K (i + pT,) (1 + pT.,) (1 + pT) + Kp (Ky, + Ky (1 + (10) 


Neglecting the action of the intermediate feedback (Aj, = 0) and bearing in mind that 
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the time con stants of the links included by the flexible feedback can be neglected 

when the time constant of the transfer function of the feedback is many times 

larger than the time constant of these links, we find for an approximate calculation: 
K 

(+ Ty + Kp,K 


Up =(F, + K Veo ) 


dg 


ted? 
U, =(U go—U fin (12) 


2. fin’ 


and before ee the forcing with zero initial conditions 


== F 
or t 
U, = — exp | (14) 
2 T Tg KgX 
In the expressions (12) and (14) 7, and req? K, .K 


are the reduced time constants of the generator after “cutting-off” forcing and before, 


when the circuit is open. Ugo and Ug. fin are the initial and final values of the vol- 
tage, determined by the change of the cut-off voltage U¢o. 


Assuming the control time ¢t = tr we can find the coefficient of the feedback Kbe 


from the above equations. Beginning from the conditions of starting before “cutting- 
off” forcing (14), we obtain 


—T, 
In (15) 


The right choice of Kbg can be checked by calculating the transient process by 


the complete equation. 


The equation and the parameters of the field control of the roll-drive motors are 


set up in a similar way: 


pla) (1 + plem (1+ (16) 


i,= 


where Ky, = Kam KemKm, the amplification coefficient of the system; Tg, Tem, Tm - 


the time constants of the amplidyne, the exciter and the motor respectively; 
Mam AU, Sim 


Fam = Fim + poe — Fim — Fb the m.m.f. of the amplidyne AV: 
F m at coc + in — (Ki om t Ki -mPTm)), 
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where [ « is the system voltage; Re is the total effective resistance of the standard 


potentiometer, Fi,= Fhem + fim the m.m.f. set up by the two flexible feedbacks. 


(Fim + Kdmico Km. 


Substituting these expressions in | 16) we obtain im 


+ phew) + ply) + Km {Ky — Kop t + Ky + ph} 


In the period of increasing flux up to the instant of “cutting-off” forcing the differen- 


tial winding does not take part in the operation 


Therefore, assuming Ad», = 0, we obtain for the given condition 


= Key (l+p7,)U + + + Ke (pik, + A; 


pl) — (18) 


1958 


om) tlalen F 


Usually AmAn/ l. In this condition one root of the characteristic e juation ts posi- 


tive, which indicates the increasing rate of rise of the field current. When the cur- 


rent im has reached the cutting-off value, it is necessary to use (17) 


In order to use the analytical formula for zero initial conditions for the calcula- 


tion of the excitation flux incre ise, the calculation is suitably made not for the 


current itself but for the field « urrent increment. i.e. the co-ordinate origin must be 


transferred to the point corresp nding to the initial steady-state excitation current 


of the xiven state of excitation. In this case we have always to calculate first the 


initial theoretical effective value F im 


the excitation 
100 ... 300 A, 
20 AT; 


Ve « 


Ahem 0.005. 
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ims Fino Km ps 1), (20) 


where Fimo is the m.m.f. of the input winding; i,,, is the motor field current corres- 


ponding to the initial state of excitation. 


For a more precise determination of the effect of the positive feedback of the 
excitation current and of the flexible feedbacks on the transient contro! process cal- 


culations were carried out for two values of the coefficient of the positive feedback 


Kpf and for two different methods of obtaining the flexible feedback 


a) Kim 0; K hen 


b) 0; Ahem # 


Diagrams of the calculated transient processes are shown in Figs. 4 and 5. 


K pf = O.3AT 


Kyf A 


FIG. 5. Increase ofthe ex itation flux ofthe roll-drive motors. 
F im 20 A; Am 25 A/AT; 
To 0.1 sec; Tem, = 0.3 sec; 
Tm 6 sec; 0.1; 
A bem 0.005. 
with 0.3 AT/A; 


2 + with Koy 0.6 AT/A,. 


When the intermediate flexible feedback is in action, the time constants 7g and 
Tem can no longer be neglected, since owing to the inclusion of a large resistance 
in the field circuit of the exciter, the time constant T emis relatively small. The cal- 
culations must be made according on the complete third-order equation. However, in 
some cases it is possible to confine it to the second order. Just as in the field con- 
trol of the generators, the intermediate flexible feedback is not absolutely necess- 


ary here. In this case 


(21) 


But in the field control system of the motors the intermediate flexible feedback re- 
sults in an improvement of the transient performance when the flux is increased, al- 


though the performance deteriorates slightly when the flux is decreased. 


Fig. 6 shows an oscillogram of the control processes of the motor field ob- 
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tained on a laboratory model with only one intermediate flexible feedback in opera- 
tion. The character of the change of the flux ® is entirely satisfactory. The over- 
regulation of the flux is small, the over-regulation of the field current im reaches 
17%. This discrepancy between current and flux is explained by the effect of eddy 


currents. 


It is recommended to provide the controller for balancing the loads and speeds 


with a non-linear resistor in the circuit of the winding connected to the difference 
of the tachogenerator voltages. The function of this resistor is not to prevent the 
regulator from balancing the motor loads. Owing to the non-linearity the winding be- 
gins to act effectively only from a certain permissible difference in speed onwards. 


The m.m.f. of the regulator AR, produced by the current windings, is proportion- 


al to the difference of the load currents Fay = Ky Al. 


The m.m.f. of the winding connected to the difference of the tachogenerator vol- 


tages is FAn AnAn. 


a2 43 as 


FIG. 6. Oscillogram of the contro! conditions of the excitation flux of the motors 


of the laboratory model. i, = 7.5 A; = 4.9 A; ining 3 A; =1.5 A/AT; 
Ky¢ = 8.33 AT/A; T, = 0.05 sec; T,,, = 0.117 sec; T,, = 1.06 sec; Ky, = 29.8 
AT/A; 


The speed difference produced by the rolling process determines the unavoid- 
able difference of the loads under conditions of equality of the initial value of the 
generator e.m.f.’s Ey) = Ey. and of the e.m.f.’s of the motors Em) = Em. In this 


case R 
FL =K, (1 + Al, 
where Rar», and Tgrm are the resistance and time constant of the armature respect- 
ively, C is the motor constant. 

The m.m.f. of the error signal of the controller F, consists of two components 
Fay and Fan 

j Rar 
‘Ki (1 + mn) 
or 


R 
Denoting cé" 4 with Tarm = 0, we obtain: Fe = Al (KJ — KnA). 
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This equation shows that the presence of the winding setting up FA, prevents 
the balancing of the loads. On the other hand, it is obvious that this winding can 
prevent the possibility of the development of a large discrepancy of speeds which is 


especially undesirable during the gripping of ingots by the rolls. 


The load controller is designed according to well established principles. The 
m.m.f{. of the current winding of the amplidyne 1G decreases the acceleration of the 
motors during the overloading on starting and retards the reduction of the generator 
voltage during braking periods. The m.m.f. of the current winding of the amplidyne 
4¥ increases the excitation flux of the motor when the current exceeds the set 
value. As the speed of the motor rises, the setting is reduced by the amplidyne, one 
of which is connected to a voltage proportional to the field current. The amplifica- 
tion factor must be chosen for the extreme case viz. overloading in the beginning of 
the weakening of the excitation flux of the motor. The m.m.f. of the current winding 
must discontinue initiating a decrease of flux and effect its increase [2]. During this 
period the motor current may exceed the setting (error of the steady-state regulator) 
by a value A/, smaller than the difference between the setting of the first stage pro- 


tection and the setting of the regulator. 


In some cases, where it is desirable to have a large amplification coefficient of 


the regulation and to improve the characteristic of the drive, it is recommended to 
and filters similar to the 


use an amplidyne in conjunction with a magnetic amplifier 
arrangement shown in (4|. The large number of control windings of the magnetic am- 


plifier enables all the feedbacks described to be connected up. When an amplidyne 


system without a magnetic amplifier is used. where the number of control windings 


(four windings) is not sufficient, the introduction of feedbacks into the motor field 


achieved by means of stabilizing transformers connected to 


control system can be 
o the intermediate feedback and to 


the output of the amplidyne, which corresponds t 
circuit connected to the field winding of the motor. The un- 


the unbalanced bridge 
ponents one of which is 


balanced system furnishes a m.m.f. consisting of two com 


proportional to the field current and the second, to the rate of change of the flux. 


Testing the new system 


The basic solutions of the new system passed a laboratory test; successful in- 
ion of the new system into the industry has begun. On the plate mill 2800 at 
ation the system shown in Fig. 7 has been used. The 

ed from virtually independent sys- 


troduct 
Voroshilovsk operating st 
drive of the upper and the lower rolls was obtain 
tems. connected only through the windings of the amplidynes AG 1 and AG 2. The 
windings were connected to the difference of the voltage drops in the interpoles and 
the compensating windings of the motors, and also to the difference of the voltages 
The amplification factors of these amplidynes were very 
a danger of loss of stability. On the other 

d to an inadmissible re- 


of the two tachogenerators. 
low, otherwise, there would have been 
hand, a reinforcement of the stabilizing devices would lea 
duction of the intensity of the forcing of the basic transient processes owing to the 
common control channels. The balancing members operated very unsatisfactorily 

after the “cut-off” of the forcing when the voltage control system prevented its ac- 
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OS 


Elements of the control system of the mill 2800. 


:) before b) after modernization. 


tion. 


As a result of these shortcomings inadmissible bending of the ingots was ob- 
served during rolling and the difference in the motor loads reached 50 - 60% of the 


rating, and sometimes even higher values. 


On our recommendations the system was altered to that shown in Fig. 7b. The 
exciters used in the original circuit and part of the amplidynes were retained. In the 
modernized ciruit the controller was connected into the di igonal arm of the bridge 


formed by the windings of the generators and the armatures of the exciters. 


The system as a whole was considerably simplified, one amplidyne. one setting 
generator, scveral stabilizing transformers and other elements being eliminated as 


no longer required. 


The positive results of the combination of the controls of the basic processes 


and the regulator performance are shown in the oscillograms Fig. 8. 


Fig. 8a shows the rolling with disconnected regulator; the difference of the 
loads /, and /, was in this case smaller than that observed before modernization. 


Fig. 8b shows the rolling with the regulator operating but with the winding 
acting on the difference in speeds disconnected. It follows from an analysis of the 


oscillogram that as a result of the regulator action the steady-state motor currents 
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Controlling a mill with separately driven rollers 


FIG. 8. Oscillogram of rolling operation on the 2800 mill after modernization. 

a - regulator disconnected b - regulator connected, but without the winding speed 

balancing c - regular connected with al] its windings. U,, U, - generator volt- 

ages; /,, /, - motor currents; /, - armature current of the amplidyne (regulator 

current) iA, - current of the windings of the amplidyne AR connected to the differ- 
ence of the tachogenerator voltages; n - motor speed. 


during the rolling are sufficiently close together. The largest discrepancy between 
I, and /, is observed immediately after the gripping of the metal by the rolls, which 
is explained by the difference in speed between the upper and the lower roll during 
gripping. The regulator current i, caused by the difference of the motor currents 
rises fairly steeply and leads to the balancing of the loads. 


Fig. 8c shows the operation of the system with the regulator in action, all its 
windings being connected. It can be seen that as a result of the action of the wind, 
ings responding to the difference of speeds (current iA, shown) the generator volt- 
ages U, and U, differ very little in no-load conditions and, consequently, the differ- 


ence of speeds and the difference of the motor currents /, and /, is negligible. 


The increase of the difference of the currents in steady-state conditions of 
rolling, caused by the effect of the speed-balancing windings is small and does not 
impair its positive effect under other conditions. 


The results of the analysis of the control system of the rolling mill with inde- 
pendent drives of the rolls, the tests of the component circuits and also the experi- 
ence with the modernization of the electric drive of the rolling mill 2800 at the 
Voroshilovsk works enable the new system to be recommended for newly planned or 
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Controlling a mill with separately driven rollers 


reconstructions of existing rolling mills. The replacement of stabilizing transformers 


by differential-bridge circuits simplifies the control system and can improve the 
transient (dynamic) features of certain types of drives. 
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INVESTIGATION OF OVER-VOLTAGES DUE TO ARCING 
EARTH-FAULTS IN 6-10 kV SYSTEMS 
WITH INSULATED NEUTRAL * 


N.N. BELYAKOV 


(Received 4 September 1956) 


The mechanism of the formation of over-voltages at arcing earth-faults in systems 


958 


with insulated neutral or neutral earthed across high active or inductive resistance 


and the possible magnitude of these over-voltages is still not sufficiently known. 
It is believed that arcing fault over-voltages can reach 4-5 times the phase voltage 


and perhaps more. 


In the power systems of the Soviet Union the over-voltages due to arcing earth 
faults are considered to be harmless for norma! insulation i.e. insulation that with- 
stands operational test voltages [1]. Actually, experience shows that with system- 
atically conducted prophylactic tests and with planned routine maintenance of the 


system earth-faults on one phase are not followed by faults on the other phases. 
But deductions of the magnitude of the over-voltages from the puncture or flashover 
voltages of the insulation require caution. A wrong opinion of the magnitude of the 


over-voltages and their increased danger may be formed in poorly insulated systems, 


tems, especially cable systems in the absence of prophylactic tests [3]. 


The principle of the formation of the over-voltages during arcing was discover- 
ed by Petersen [ 4] who also estimated the maximum magnitude with consideration 


of the majority of the influencing factors including phase to phase capacitance and 


attenuation. 


The behaviour of the arc is important, especially the moment of restrike and 


extinction, for a realistic estimate of over-voltages. The theories of the formation 


of over-voltages through arcing earth-faults put forward by different authors [ 4-7 | 
are based on different assumptions of the arc properties. Petersen assumes that 


the arc extinguishes at the zero passage of the current of the natural oscillations 


(igg¢ = O) and strikes again at the next maximum of the power frequency voltage. 
Such idealization of the arc properties gives the severest possible conditions and 
therefore the upper limit of the over-voltages obtained by Petersen is doubtless 


correct. 


* Elektrichestvo No.5, 31-36, 1957 | Reprint Order No. EL 20). 
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Investigation of over-voltages due to arcing earth-faults 


But none of the proposed theories has been verified by tests. One can often 
find in oscillograms the extinction of the arc in accordance with Petersen's theory 
(ines = O) or with that of Peters-Slepian (at zero passage of the power frequency 


current é,). For example oscillogram in Fig. 1 shows that the arc extinguishes 


several times at i, = O (points 1, 3, 6), once at tog¢ = O (point 5). Besides that 


extinctions after zero passage of the oscillating current are observed (point 4). 


Thus the forms of behaviour of the capacitive arc are manifold, And the exist- 
ing theories do not explain the phenomena actually occurring. The laws governing 


the extinction of the intermittent arc remain unexplained. 


Ch. M. Dzhubarly did not obtain over-voltages exceeding 3 Up, (8) in tests 
carried out at the TsNIEL. but his theoretical explanation of the limitation of the 


arc over-voltages is not convincing. 


The purpose of the present article is to determine the properties and the be- 
haviour of the capacitive arc in 6-10 kV systems from systematical tests and to 


establish the over-voltage level! on the basis of these data. 


Arc and over-voltage tests were made on system models with lumped capaci- 
tances. The basic 6 kV system was supplied through a 5600 kVA transformer 35/6 


kV. Tests were also made in a 6 kV cable system without load. 


The models permitted a variation of the test conditions over a wide range and 
the obtained over-voltages include a certain margin since in actual system condi- 
tion the distributed capacitance and the attenuation will further reduce the over- 


voltages. 


Greatest attention was given to systematic al tests of the arc in air, drawn out 
by an isolator. Other tests were made with the arc across a pin-type insulator, in 


the slot of a machine, in a cable, under oil, in a cable joint, etc. 


The extinction conditions of the capacitive arc 


The character of the recovery of the voltage in capacitive circuits has a strong 
effect on the arc behaviour. The phenomena connected with the extinction of the 


capacitive arc may be considered for the case of the single-phase circuit, Fig. 2a. 


The voltage at the unfaulted capacitance may be l, at the moment of zero 
passage of the current, when extinction takes place. After extinction the system 
neutral is displaced by the voltage value Ugj, = 4 U,. The voltage of the system 
generator is superposed to this. But the transition from the original condition 
(U, =O) to this new condition takes place in form of the extinction oscillations 


with the frequency w,.. = 1/y LCA. In half a cycle of such oscillation (7 2) 


after the zero passage of the current, the voltage across the arc gap reaches its 


first high-frequency maximum U,.. (Fig.3). The voltage reaches its second 
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Investigation of over-voltages due to arcing earth-fau kts 


FIG. 1. Earth-faul in a three-phase system with in- 
sulated neutral 

Voltage 6 kV, Capacitive earth fault current 

phase-earth capacitance 28.8 uF, phase 

itance Cm 0. Transformer 5.6 VVA, 3° 

Us ltrage of the unfauhed phase, lagging behind 

ly Id -voltage of the unfaulted phase, leading the 
faulty phase. 

ly -voltage of the faulty phase 


-arc current. 
maximum as a result of the change of the generator voltage of power fre quency. 


The magnitude of the high-frequency maximum of the restriking voltage equals 
twice the difference between the displacement voltage and the phase voltage 
Vom = 2 (Udis — (1) 


Fig. 2a, shows that the voltage on the capacitance of the unfaulted phase at 


the moment of arc extinction differs from the generator voltage by the voltage drop 


across the inductance of the circuit, therefore 
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FIG. 2, Circuit diagram of the system with insulated neutral. 

a - single-phase. ¢, = UpA sin (@t+W)e,=— sin (@t 
b - three-phase. ¢, = — Uph sin (wt +4) -e.m.f. of faulty phase. 
e, = — sin (wt — 120°). 


i 
e,=- U,, sin (wt + + 120°) -e.m.f. of the unfaulted phase. 
pa 


i.e. the high frequency maximum of the restriking voltage equals the inductive 


voltage drop of the circuit at the moment of zero passage of the current. The rela- 


tion (2) remains correct at any phase of the e.m.f. of the generating source at the 
extinction moment. 

The recovery of the voltage after extinction of the earth-fault arc in a three- 
phase system with insulated neutral (Fig. 2b) has also the character shown in 


Fig. 3. 


FIG. 3. Recovery of the voltage on the faulty phase 
after extinction of the capacitive current. 


4 more thorough examination of the arc extinction process by means of c.r.o. 
permitted to establish the following essential fact: The extinction of an open 
capacitive earth-fault arc takes place at each zero passage of the current but the 
arc strikes again within a small fraction of the natural oscillation cycle. The for- 
mation of the arc takes place following the breakdown of the gap before the first 
maximum (Fig. 4, points | -5). With a large rate of rise of current this breakdown 
takes place long before the restriking voltage has reached its first maximum. This 
breakdown voltage may be designated as Ung. The existence of the extinction and 


the rapidly following restrikes is also ahown by the fact that the current in the 
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Investigation of over-voltages due to arcing earth-faults 29 


oscillograms in every new half-cycle of the h.f. oscillations has a steep front which 


is explained by the surge of the discharge current of the capacitance of the faulty 


phase. 


The conditions where the capacitive arc extinguishes after a long time inter- 


val (after a greater part of the power frequency cycle) are of major interest. Ex- 
periments show that this type of extinction is possible only when the first maximum 


of the restriking voltage does not exceed a certain critical value: 


<u (3) 


Vom 


cr 


This critical value U_| obviously depends on the dielectric strength of the 


gap for the time interval of one half-cycle of the natural oscillations. If the 
condition (3) is not fulfilled the extinction is not achieved, i.e. the arc strikes 


again (Fig. 5). 


In order to determine the numerical value of the critical voltage U ., from the 


oscillograms it is necessary to determine the magnitude of Uj», or U 44 for every 
passage of current zero. Fig.6 shows the distribution of the frequency of occur- 
rence of these values in general for all capacitive carrents since the magnitude 
of the current has practically no effect on this distribution. The maximum values 
of U and U, , differ only slightly from each other and it is possible to ascribe a 


common upper limit of 1800 V for both. This limit determines also U,,. 


ay 


FIG. 4. Arcing earth-fault in the single-phase circuit 
with insulated neutral. 


Arc on the isolator, /. = 4.4 A,C =2yF,C,, =0, 
Transformer 5.6 MVA, 35/6 kV. 


The experiments show that the velocity of drawing out the arc with the iso- 
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lator affects only the rise of the restriking voltage but not the extinction condi- 
tions. The fact that the current magnitude and the velocity of drawing out the arc 
have no effect on the extinction conditions of the capacitive arc is explained by 
the same growth in electrical strength of the gap in all cases during the short time 
intervals which possibly indicates the importance of the electrode effects and the 
thermal inertia of the arc column. All oscillograms with relatively high values of 
Us, and U,g were used in the analysis of the test results. Besides that our distri- 
bution contains oscillograms of which more than 12,000 extinctions have been 
recorded with values of U,., and U,, below the obtained maximum. 


he The task is to determine the 
upper limit U.,, Therefore, one 
has to set out from the minimum 
oscillating frequency possible in. 
practice. The above value of U., 
was obtained from tests in which 
this frequency was reduced down 
tO @os- = 5 @ although in actual 
systems this value is ten times 


the power frequency or more. 


The above value of U., is 
0.37 U., for 6 kV and 0.22 U,, 


for 10 kV systems. For simpli- 


FIG.5. Extinction and restriking of the arc. fication of the calculations and 
| -extinction achieved, 2-extinction not also for inclusion of some margin 
achieved. 


in the estimate of the possible 
over-voltages we assume for 6 


and 10 kV systems 0.4 


We see that 


Vom 0.4 (4) 


The tests with the arc across a pin-type insulator, in the machine insulation, 
in a cable, under oil and in a cable joint give a relation between U,,, and Up, 
close to that obtained with the arc across the isolator. Therefore, the magnitude 


of the h.f. maximum of the restriking voltage U,., remains the limit under different 


m 
conditions of striking the arc and the maximum over-voltages are the same as with 


the arc across the isolator. 
The arc in the cable and in the machine insulation has a low striking voltage 


* Our rounding off means in the case of 10 kV systems an increase in the over-voltage 
magnitude of 3%. 
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Investigation of over-voltages due to arcing earth-faults 


FIG.6. Distribution curve of the values of U,,, 


and Upq (plotted on the basis of 2800 extinctions). 


(U, < Up) and its magnitude hardly changes while the arc is burning. The arc 
can stay for a very long time. 
Maximum over-voltages 


The important value of the displacement voltage U4;, of the neutral (the 
general potential of the system with respect to earth after arc extinction) is 


limited owing to the limitation of the voltage U,,,. Actually Fig. 3 shows that 
and since U,,, > 0.4 Up, that always 
Udis 1.2 


Equations (5) and (6) are valid for single-phase and three-phase systems. 
magnitude of the over-voltages can be determined from the formula 
where ( -d), 


l fin and U;, are the final and initial voltages; 


Cand C,, are the phase-earth and phase-phase capacitances 


(1 —d)-- is the coefficient taking account of the decrease in ampli- 


tude owing to phase-phase capacitance and attenuation. 


The tests show that the main cause of attenuation is not the loss in the arc, 
as it was considered to be by some investigators [8], but the losses in the other 
parts of the circuit. With metallic fault connection no decrease of the attenuation 
was observed as compared with the intermittent arc. With the drawn out arc the arc 
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Investigation of over-voltages due to arcing earth-faults 


voltage drop was very often considerably smaller than the source-voltage (50-100 V 
against 6000 V) even up to the moment of final extinction. Thereby the coefficient 
(1-d) may be about 0-98 -0.99 [ 7, p. 530]. During the tests on the models the 
highest value of (1-d) was 0.9. This value should be taken for the determination 
of the maximum over-voltage since the attenuation in actual systems is even great- 


er. 


FIG. 7. Arcing fauk in a single-phase system with 
insulated neutral (arc under oil). 
Il, = 1L A, C =SpF, C, = 0. Transformer 3.2 MVA, 
35/6 kV; wu, voltage of the unfaulted phase, uy vol- 
tage of the faulty phase. 


The tests show that restriking can take place at any moment including the 
moment for which the over-voltage becomes highest. 


Thus, knowing the magnitude of the displacement voltage and the attenuation 
coefficient and assuming that the restriking takes place at the moment which pro- 


duces the highest over-voltage, one can determine the maximum over-voltage. 


Assuming that restriking takes place at the moment of maximum e.m.f. of the 
faulty phase with the same sign as the displacement voltage we obtain for the 
single-phase circuit and for C,, = 0 


U =U 1,2U,, = — 0,2, 


tn 


U_ 2 oh + [2U,,—(—0,2U,,)] 0,9-= 
\pplying (7) to the three-phase circuit we consider that the e.m.f. of the faulty 
phase changes according to the law er =-( ph sin (le + Ww.) whereby the time is count- 
ed from the moment of restrike. We determine the magnitude of the positive over-voltage 
on the unfaulted phase ( ( max > 0) which is lagging behind the faulty phase. Considering 
that for the formation of such over-voltage the restrike must occur with negative e.m.f. of 

the faulty phase and that with a negative displacement voltage (Ug;, < 0) we obtain 


“ins — 120°) 4 
(30'— 


= | SiN (4, 30°) 4. 
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The maximum over-voltage occurs on restrike at 


With C,, = % C, which is characteristic for 6-10 kV cable systems and (] -d)= 0.9 
and more, the maximum over-voltage would occur on restrike at , = 68°, i.e. when 
restriking occurs somewhat before the maximum of the voltage. Substituting in 
(8) the values: (1-d) = 0.9, C = 3C,,, W, = 68° and Uy,;, = -1.2 U oh» we obtain 


for the maximum overvoltage: 


Umax = 3.2 Uph. 


On the faulty phase the over-voltage may reach the value: 
Umax,f = Udis + Uph = 2.2 Uph, 


The formation of the maximum over-voltage in a three-phase system is illus- 
trated in Fig. 8. 


For verification of the calculated maximum over-voltage mass observations 
were made with c.r.o. with very small time scale. An oscillogram thus obtained in 
a single-phase circuit is shown in Fig. 9. 


FIG.8. Formation of the maximum possible 
over-voltage in a three-phase system with 
insulated neutral. 
Symbols 4u, id, 4) as im Fig. 1. 
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Investigation of over-voltages due to arcing earth-faults 


The calculated and measured over-voltage values for the three-phase circuit 


are given in the table, which shows that the measured values are in good agreement 


with the calculated ones. The maximum over-voltages are practically independent 


of the capacitive current and are relatively rare since several conditions must 


coincide for their formation. 


I. = 100 A 
C C C C =30uF 


Calculated |C,, | f max max, f U nes max, f f Number of 
Values faults 
—---— 
3.62 0 | 2.0 - 200 
3.62 0 3.30; 2.02 100 
3.20 2 2.91 2.15 200 
3.62 0 -| - - 3.50] 2.10) - - 200 1958 
3.20 4 - 3.05 2.14 300 
3.62 0 - ~ 3.44 2.12 100 


The actual mechanism of the formation of the over-voltages 


Extinction takes place when the h.f. maximum of the restriking voltage is suf- 


ficiently smal! and therefore also the rate of change of the current is sufficiently 


smal! at the zero passage. This is the case for the first zero of the oscillating 


current (usually with smal! striking voltage) and after some attenuation of the tran- 


sient process. Arc extinction is also possible after transition of the oscillating 


current into the power frequency current, especially when the latter goes through 


zero. 


For the formation of the maximum over-voltage it is not necessary to have a 


number of restrikes. Therefore, it is sufficient for its determination to consider 


one cycle extinction -restrike. In that cycle the extinction must take place at the 


moment of maximum e.m.f. of the faulty phase and at the maximum rate of change 


of the current permitted for the extinction, and the following restrike must occur 


somewhat before the voltage peak. The cause of the often observed increase of 


the over-voltage towards the end of the arcing time is not the cumulative effect 


(ice. the increase of the displacement voltage) but the gradual increase of the 


striking voltage owing to the increased arc length. 


The increase of the displacement voltage of the neutral is connected with the 
simultaneous increase of the h.f. maximum of the restriking voltage. The actual 


arc gap cannot withstand a rapid increase of the restriking voltage so that the 
possible maximum of the oscillation is limited and consequently also the displace- 
ment voltage. Thus, the limit to the over-voltage is set by the finite and relatively 
low electric strength of the are gap which by the very nature of the phenomenon 
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1,931 


ph 


FIG.9. Values of the over-voltages in the single-phase circuit with insulated neutral. 
I. = 55 A, C = 25.3 pF, C,, = 0. Transformer 3.2 MVA, 35/6 kV. a - voltage of the unfaulted 
phase, b - voltage of the faulty phase. 


cannot de-ionize instantly. 


The attenuation coefficient (1 - d), obtained in a cable system of 6 kV, with 
load, is 0.7 - 0.75. It is naturally smaller than on the model. The resistance of the 
current path of the natural oscillations has a strong effect on the attenuation in 
actual systems. The effect can be so strong that the actual system may be incap- 
able of oscillating. This is the case when the earth-fault in a system with high 
capacitive current occurs at a point remote from the centre. This is illustrated by 
the oscillogram, Fig. 10,*) obtained in a system with a capacitive earth-fault cur- 
rent of 100 A. The earth-fault occurred at a point in the system remote from the 
supplying busbars. The transient process after striking is aperiodic. The voltage 


of the unfaulted phase did not exceed the phase-earth voltage, i.e. over-voltages 


did not occur. 
Conclusion 


The laws governing the extinction of the intermittent earth-fault arc and the 
possible magnitude of the over-voltages under different conditions of the arc (in- 
cluding different system voltages) are found by determination of the electric 
strength of the arc gap immediately afte r extinction and its comparison with the 
magnitude of the h.f. maximum of the restriking voltage. 


* The oscillogram was kindly offered by F.A. Likhachev (ORGRES). 


35 
j 
1,57 


Investigation of over-voltages due to arcing earth-faults 


The extinction of the capacitive arc is not controlled by the frequency of the 


natural oscillations nor by the power frequency. Extinction takes place if the h.f. 


maximum is below a certain value. The extinction conditions set a limit to the dis- 


placement voltage of the neutral. 


av 


FIG.10. Are fault on an insulator in a compensated 


system, 6 kV, with load. 


U, voltage of the unfaulted phase, U, voltage of the 
faulty phase. Degree of mistuning v = -9 per cent. 
Earth fault current /, = 9.6 A. 


Since the check tests under different conditions of arc formation agree with 
the results of arc tests on an isolator, a general conclusion can be drawn on the 
magnitude of the over-voltages caused by earth-fault arcs in 6-10 kV systems with 
insulated neutral. The maximum values of these over-voltages do not exceed 3.2 
Uph and they are not directly dependent on the magnitude of the capacitive cur- 


rent. They occur relatively rarely since for their formation several conditions must 


be fulfilled simultaneously. With large capacitive currents the arc may remain more 


stable and thus reduce the over-voltages. 


The author is indebted to V.V. Burgsdorf for a number of valuable suggestions 


in the preparation of the present article. 
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ARC-QUENCHING PROCESSES IN AIR-BLAST 
CIRCUIT - BREAKERS * 


V. GUSA and Ya. TSIGELKA 


(Received ] August 1956) 


The increasing powers of modern electrical systems account for a corresponding 
increase of the breaking capacity of the h.v. circuit-breakers, particularly the 
air-blast breakers, the use of which is spreading ail the time. The present communi- 
cation proposes to investigate the factors influencing the quenching of the arc 

in air-blast circuit-breakers and the practical methods available for increasing 


the breaking capacity of these breakers. 


58 


The experiments were carried out on circuit-breakers of type SR, rated at 
10 kV. The design of the quenching arrangement of this breaker type is shown 
in Fig. 1 and the main parameters given in the following Table. 


Travel of 


Rated air Nozzle 
Breaker type pressure diameter moving contacts. 


abs. atm. (d) mm (1) mm 


SR 205 — 10/600 12 22 185 
SR405 — 10/600 12 35 210 
SR605 — 10/600 21 45 225 


FIG. 1. 


* Elektrichestvo No. 5, 37-39, 1957 [ Reprint Order No. EL 2}). 
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Arc-quenching processes in air-blast circuit-breakers 


Tests on the clearance of single-phase short-circuits, carried out at 9kV and 
at a frequency of the restriking voltage of 4.5 kc/s produced results which can be 
represented by the following empirical formula, 

= 5.35 Fass, (1) 
where, lp is the amplitude value of the limiting short-circuit current cleared, kA; 
p the air pressure in the air receiver of the circuit-breaker, abs. atm.; 

F cross-sectional area of the nozzle, cm’. 


This relationship is graphed for the pressures of 12 and 21, abs. atm. in 
Figs. 2 and 3. 


The limiting breaking current, represented by (1) corresponds to the current 
at which the nozzle of the breaker is pluged by the thermal energy evolved by the 
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arc. This phenomenon is generally interpreted in the following way. 


Evolution of heat by the arc reduces, as it were, the cross-section of the noz- 
zle, this reduction of the effective cross-section being the greater, the higher the 
current passing through the circuit breaker. The reduction of the cross-section of 
the nozzle entails a corresponding reduction of the air supply for arc quenching, 
so that at a certain magnitude of the short-circuit current the circuit breaker will 
no longer be able to interrupt this current; in other words, the nozzle of the circuit- 
breaker is plugged. 


It is clear that for equal values of the breaking-current the phenomenon of 
nozzle-plugging will be more marked at smaller nozzle diameters, i.e. smaller noz- 
zle diameters will reduce the breaking capacity of the given circuit-breaker. 


However, experiments showed that the magnitude of the limiting breaking 
current does not always correspond to the volume given in (1). For example, a 
breaker of type SR205 at pressure 2] abs. atm. of the quenching air can inter - 
rupt a current of 42kA as against 19.5 according to (1). 


To find the causes of this surprising increase of the breaking current during 
the circuit-breaker tests, we carried out measurements of the voltage drops in the 
arc. These measurements showed that for the short-circuit current of 30kA the 
voltage drop in the arc after the zero-passage of the current begins to rise steep- 
ly, falling again with similar abruptness after reaching a certain value, to rise 
again only immediately before the end of the half-period of the current curve 
(Fig. 4,a). At a current of 15kA there are no such “breaks” in the curve of the 
voltage in the arc (Fig. 4,b). This phenomenon may be interpreted as follows. 

At every instant the diameter of the arc depends on the current in the arc at that 
instant and so long as the arc diameter is small, the arc will burn, being drawn 
out to a comparatively great length (Fig. 5,a). The voltage drop in the arc will 
then have a certain value. When the current increases, there will be an instant 

at which the actual diameter becomes equal to the diameter of the nozzle, in this 
case the length of the arc is considerable reduced and the arc fills out complete- 
ly the nozzle opening. This is the instant at which the nozzle is plugged by the 
arc column (Fig. 5,b). This causes a considerable decrease of the voltage drop in 


the arc. 
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FIG. 


Later on the current, having passed through its peak value, falls with a si- 
multaneous reduction of the diameter of the arc column and at a certain value of 
the current the arc diameter becomes again smaller than the diameter of the noz- 
zle opening. At this instant the air pressure detaches the arc from the walls of 


the nozzle and draws the arc out; the voltage drop in the arc increases again. 


The plugging of the nozzle interrupts the air flow, as the result of which 
the pressure of the air before the nozzle increases to the value of the pressure 
in the air receiver. The great difference of the pressures before and behind the 
nozzle quickly restores the maximum velocities of the air flow once the nozzle 


is free again, which leads to rapid arc-quenching. 


We find, therefore, that the plugging of the nozzle by the arc column is a 
positive factor acting towards an increase of the limiting breaking-current. It is 
by this phenomenon that we can explain the increase of the limiting breaking cur- 
rent of the circuit breaker type 5205 at the pressure 2] abs. atm. as against 


the value obtained from (1) 


On the other hand, we have to consider that at an increase of the short- 
circuit current the time interval between nozzle opening and zero-passage of the 
current is reduced which, in the last result prevents the velocity of the air flow 
from reaching the values required for arc-quenching, so that the circuit-breaker 


can no longer clear the short-circuit currents. 


Let us analyse the phenomenon of the nozzle-plugging by the arc column. 
We assume that the arc is a cylindrical absolutely black body whose temperature, 
and consequently, charge density is constant over the cross-section. The stage 


of ionization of the gas in the column may be expressed in Saha's equation 


x? 


where x is the stage of ionization of the gas; 
p the gas pressure, abs. atm 

LE. the ionization potential, V; 

T the temperature, 


« the electron charge, coulomb; 


k Boltzmann's constant 
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In (2) the quantity x? may be neglected against unity. The justification of 
this assumption will be shown below. The relation between the stage of ioniza- 
tion and the current density in the arc may be found from the following equations 

x = n/N and n = j/eE 
where n is the number of electrons in 1 cm’ of gas; 
V the initial number of neutral atoms in 1 cm’; 

j the current density in the arc; 
E the electric gradient in the plasma; 
b the electron mobility. 

Remembering that, 


where P, = 1 abs. atm.; 

T, = 273%; 

be = 5.9x 10° cm?/V. sec; 

No= 2.7.x 10** 1/cm’, or considering that for nitrogen ¢ E; /k = 1.68 x 10° we get 


after rearrangement the equation of the arc current, viz 


|, = 238-EF —T (3) 
0 V 
where F is the cross-section of the arc in cm’. 
The energy radiated from the surface corresponding to unit length of the arc 
is determined by Stephan-Boltzmann’s law on the assumption that convection at 
high temperatures is so insignificant as against radiation, that it may be neglec- 


ted, viz. 


El, = 2CT4 xF-10-7, 


where d is the diameter of the arc in cm; 


C = 5.73 x 10°. 


Considering that the arc current / = jF and solving simultaneously equations, 


(3) and (4) we get 


6.94.10 2.375 (5) 


The results of measurements carried out on a circuit-breaker of type SR205 at a 
pressure of the quenching air of 2] abs. atm., showed that the plugging of the noz- 
zle by the arc column occurs at the instant at which the instantaneous value of 
the short-circuit current is 21.2kA. Assuming that up to the instant of complete 
plugging of the nozzle the air pressure before the nozzle rises to the value of 

the pressure in the air receiver of the circuit-breaker, i.e. that p = 21 abs. atm., 
and that the section of the arc is then equal to the section of the nozzle i.e. 


F = 3.8 cm? we find from (5) that the arc temperature equals 13070°K. 


b-= Po b N= Te N 
d 0 P 0 
. 
= 
(4) 
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Since we may assume that the temperature of the free arc is independent of 
the value of the arc current, we find by substituting the above value of the tem- 
perature into (5) the following relationship between arc current, its cross-section 
F and the pressure of the quenching air, p 


I, = 


This relationship is plotted in Figs. 2 and 3 for the pressures 12 and 21 
abs. atm. 
From Fig. 6 we can determine that for 


nitrogen at the temperature 7 = 13070°K the 
degree of ionisation x = 0.117. It follows that 


our assumption of the smallness of x’ in equa- 
tion (2) by comparison with unity is justified. 


Fig. 2 also shows that for sections smal- 
ler than 12 cm’ curve /, is below curve /,,. 
This means that for these cross-sections the 
plugging of the nozzle of the circuit-breaker by 
the arc column precedes the clearance of the 
short-circuit current. In the range of cross- 


sections greater than 12 cm’, curve he is above 


the curve /.,. This indicates that within this 
range no plugging of the nozzle by the arc colum 


takes place. 


From Fig. 2 follows furthermore, that the cross-section of the nozzle of the 
circuit-breaker 5205 falls into the range where the phenomenon of plugging of 
the nozzle by the arc column takes place. For a nozzle corresponding to that of 


the circuit-breaker SN405 the difference between the currents at which either 


plugging of the nozzle by the arc column or plugging by the effect of the heat 


liberated in the arc takes place, becomes insignificant and the short-circuit cur- 
rent is, therefore, determined by the curve /,,. The cross-section of the circuit- 
breaker SR605 falls into the range of plugging of the nozzle as an effect of the 
heat evolved by the arc. 


In the light of the various phenomena of plugging of the nozzle of the 
circuit-breaker considered here the pressure of the quenching air has an effect 
in the following direction. With increasing air pressure the point of intersection 
of the curves /., and /, shifts towards the range of larger sections of the noz- 
zles and the distance between these curves on the left and their point of inter- 
section increases (fig. 2 and 3). Consequently, in this range of sections the 
conditions of arc-quenching improve. This fact explains, in particular, the com- 
paratively greater increase of the breaking capacity of the circuit-breaker type 
SR205 when the pressure is increased from 12 to 2] abs. atm. than is obtained 
for the circuit-breakers of types SR405 and SR605. 


42 
3 
ee 
08 — +—— -—— 
4 958 
| 
Be | 
2 | 
; 
ae 
a 
: 


Arc-quenching processes in air-blast circuit-breakers 


We may conclude from the above fact that the density of circuit-breakers 
should select its parameters with a view to obtaining plugging of the nozzle of 
the breaker by the arc column before the nozzle is plugged by the heat liberated 
in the arc. It must also be borne in mind that during the plugging of the nozzle by 
the arc column that the nozzle itself 1s scorched. For this reason an arc-quench- 
ing device in which the nozzle represents simultaneously one of the circuit- 
breaker contacts is unsuitable. In particular, the experimental part of the present 
study which was carried out on circuit-breakers with such a nozzle designed 
(Fig. 1). The deterioration of the contact characteristics by the clearance of a 
particularly high short-circuit-current may be of such an order that on the subse- 
quent closing of the breaker no sufficiently reliable contact-making can be achiev- 
ed. The design of the quenching device should be such that the nozzle serves 
exclusively the purpose of arc-quenching. A further indispensible condition is 
that the arc route should, right from the beginning, be situated in the critical 


cross-section of the model. 


In the case that the section of the arc increases to a value equal to the 
cross-section of the nozzle and the current still continues to rise, the arc can 
no longer increase its section with increasing current. Owing to this, the current 


density rises as well as the degree of ionization and, as follows from equation 
(5), so does the arc temperature. For exactly this reason stabilized electric arcs 
used for a number of scientific investigations have higher temperatures than the 


arcs in circuit-breakers. 
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DETERMINATION OF THE IN- FEED CURRENTS 
(FROM INDUCTION MOTORS) TO SHORT-CIRCUITS IN 
LOW- VOLTAGE SYSTEMS * 


M.O. KAMENETSKII 


(Received 28 May 1956) 


It is a peculiarity of the short-circuit conditions in power systems operated at 


voltages below 1000 V that when the voltage falls induction motors send for a 


certain time current to the point of the fault; this has become known as “in-feed 


current from induction motors”.* 


This peculiarity is not fully considered by the methods of short-circuit cur- 
rent calculations in h.v. systems. The determination of the in-feed currents from 


the induction motors was therefore based on various recommendations, so that 


they are determined in very many different ways. 


An experimental! determination of the short-circuit currents in an actual 


380 V industrial system was carried out by the Projecting and Experimental 


Department of the Leningrad “Tyazhpromelektroproekt”. Together with the use 


of the method described below the ratings of the induction motors taking part 


in the in-feed were determined; for the calculation of the short-circuit currents 
the resistances and reactances of the 380V system were measured and compar- 


ed with data in reference books. 


The magnitude of the in-feed currents depends on the power rating of the 


motors connected to the system at the time of the fault and on their distance 
from the point of the fault. Other basic data for the calculation of the in-feed 


currents (ratio of starting current and e.m.f. of the motors) can be considered as 


constant for a given motor group. 


No method for the determination of the power rating of induction motors 


which send in-feed current to the fault point has yet been suggested. The se- 


paration of this power from the total installed power of all the motors connect- 


ed to the system by direct observation is very laborious and with a large number 


of operating motors distributed over a wide industrial area it is impracticable. 


The present recommendations for the calculation of the fault current in systems 


* Elektrichestvo No.5, 40-45, 1957 [Reprint Order No. EL 22). 
* The transient electromagnetic processes taking place in the motor during this. period 
are described in [ }). 
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In-feed currents to short-circuits in low-voltage systems 


up to 1000V ignore,as a rule, this problem; this cannot be justified where a 
large number of motors is connected to an industrial supply system and is 

dealt with summarily. The method of determining the power rating of the motors 
connected to the system at the instant of fault by arbitrary coefficients referred 


to the rating of the step-down transformers has not found a wide introduction 
since these coefficients cannot be reliably determined. Nor does this method con- 
sider the system impedances through which the in-feed currents flow. 


In the calculations carried out in parallel with the experiments it was found 
convenient to determine the required power rating of the motors on the basis of 
the load before the fault. This power was determined (at the junction points) for 
the groups of motors, which are replaced by equivalent motors. The procedure 
suggested by S.A. Rinkevich [2] for determining the total power connected (rated 
power at the shaft) of a group of induction motors from their reactive power de- 
mand may serve as a basis for the adoption of the above method. 


Assuming that the reactive power absorbed by the induction motors at dif- 
ferent loads (60 — 80 per cent) is constant, S.A. Rinkevich introduces the con- 
cept of the “relative VAr” of all the motors (ratio of the VAr to the power ins- 


talled 


58 


Q 
Vrel = ’ 


n 


which on the assumptions made, which are analysed in the appendix, can also be 


considered to be a constant quantity. 


S.A. Rinkevich determined experimentally values of the relative kVAr. He 
measured the kV Ar demand of a motor group at no-load and then determined from 
these data and the (total) kVA rating of the motors of the group their relative 
kVAr. 


It is easy to show that the relative kVAr can also be determined analytical- 
ly, for which purpose the kV Ar demand and the rated power should be expressed 


in terms of the kW demand, viz, 


Q= ¥3U,/sin 9, = P, tan 


where 
nj is the efficiency of a given motor if P, and Q are the powers at its ter- 


minals; 
k.. is the demand factor of the group of motors; 
k; is the relative load of the given motor. 
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As follows from (1), the relative kVAr can be determined for a value of tan 
@ and the efficiency corresponding to the given load of the (equivalent) motor. 
In view of the arbitrariness of the assumption of the constancy of the relative 
kVAr q,.; may be determined for greater accuracy at loads near the rated values. 
The values of efficiency and power factor at different loads of motors of dif- 
ferent ratings and nominal parameters (no-load current, speed etc.) and also 


kVAr of motors are given in reference books [3 and 4). 


Thus according to the parameters of the motors, the relative kVAr can be 
calculated for the “average” motor of the given group, this being characterized 
by several values of rated efficiency and power factor. 


Once the relative kV Ar and the kVAr demand are known, it is easy to deter- 


mine the rating of the equivalent motor and its short-circuit current: 


l 


s s 


where 


K., is the ratio of the starting current to rated current. 


If the system impedance is neglected, the in-feed current from the equiva- 
lent motor is approximately equal to the short-circuit current directly at its 


terminals: 


_ E, al 


Zm 
where 


E. is the phase e.m.f. of the stator of the motor (V); 
U the phase voltage of the motor (V); 
a the ratio of the e.m.f. to the voltage; 


=m the motor impedance. 


During a fault, not at the terminals of the equivalent motor but at some 
other point of the system, the in-feed current must be determined from the for- 


mula: 


where z is the resulting impedance of the windings of the equivalent motor and 


of the parts of the system (per phase) to the point of the fault (ohms). 


The formula for the determination of the in-feed current in the special case 
of a radial system takes the following form: 
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where 


r. and x, are the resistance and reactance of the system respectively; 


Pn and x, the resistance and reactance respectively of the motor. 


The resistance of an induction motor can be approximately determined from 
the following formula: 


l 
= 9.5 (1-7) 


n 


or from the exact formula 


Tm = COS Oy, 


The reactance of the motor is 


The relation of the e.m.f. to the voltage can be determined according to an 
investigation by V.S. Mogil’nikov ({1], who showed theoretically and experi- 


mentally that for an induction motor 


E, = 0.93 — 0.95 U. 


For the experimental determination of the fault current one section of the 
distribution busbars of a step~lown transformer substation was disconnected 
from the system. The section was supplied through a 1000 kVA, 6/0.4 kV 
transformer, to which one feeder of the workshops and two of the boiler house 
were connected (Fig. 1). The substation 6/0.4 kV was supplied from the main 
35/6 kV substation of the works which was connected to the power system. 
The short-circuit capacity was the 35 kV system 330 MVA, that at the 6 kV 
busbars 85 VIVA. 


The main consumers of the system were the induction motors. The normal 
load of the industrial system was 500 — 600 A, that of the boiler house 450 — 


500 A. 


Faults were applied (Fig. 1) at the substation distribution panel (1), at the 
entrance to the workshops (2), at the power cubicle (3) and at the busbar as- 
sembly (4). 


For the subdivision of the total fault current into in-feeds from the system 
and in-feeds from the motors, the currents were recorded by oscillograph at the 


al 
‘om 
Vir 2 2 
c + lm)? + + Xm) 
: 
3 
958 
m m 
j 
= 


In-feed currents to short-circuits in low-voltage systems 


* j 1BD awn 


——~ 


Me, 
26 + + 270" 


19-6 + awn 19+ )60°4 63 


“ 


x - > > > 
re 


* 
| 4 
1000 kV A Busbor - 5/2004 NHOOA Substotion 227 
1500/54 
ig 
600A 
a 600 SA 
Y 1958 
- 
| = i= | 
m | 
« (M ) motor 
| 
4 FIG. 1. Pe 
i 
FIG. 2 
= 


In-feed currents to short-circuits in low-voltage systems 


fault points, at the substation and also at intermediate points of the system 


through which the in-feed currents from the motors were passing. 


An electronic device was used for the control of the instant of the applica- 


tion of the fault (within the period)in order to obtain maximum impulse current. 


At the substation and at the point of the fault the short-circuit currents were 


recorded in all three phases. 


For example, Fig. 2 shows the oscillogram and the test connexions of a 


three-phase fault at the point 4. The oscillogram shows that the initial phase 


angle at the moment of making the short-circuit was 10 electrical degrees. (The 


voltage curve passing through the coordinate origin is not shown in the figure.) 


The recorded load current (/,,) at a phase angle of 180° (before inception of the 


fault) mav have been caused by the start at that instant of a motor of a crane or 


a similar drive. 


The short-circuit current has various phase angles according to the fraction 
of motor in-feed currents it contains. At the moment of the first current peak the 


in-feed at the point of the fault was 1160 A, but the maximum value of the in- 


feed current reached 1400 A (after the maximum of the total fault current). 


Beginning from the second stage of the process, the fault current measured 


at the transformer exceeded the current at the fault point owing to the motor 


current (starting and working). 


For the calculation of the fault currents the impedances of the system sec- 


tions were determined by direct measurements and the impedances of some parts 


were taken catalogue data. The measurements confirmed the catalogue data for 


the equipment installed in the given system. 


For the determination of the rated power of the motors contributing to the 


in-feed currents the efficiency of the “average” motor was assumed as 0.9, the 


rated power factor 0.84, and the relative reactive power (at 75 per cent load) 


0.6 kV Ar kW. 


The calculations of the power rating of the motors sending in-feed current 


to the fault were checked wherever possible by visual inspection. The differ- 


ence between the observed and calculated values for the different fault points 


was 3 — 11 per cent. (Table 2) 


The ratio of starting current to rated current of the equivalent motor was as- 


sumed to be 6. the e.m.f. of the motor 205 V. To determine the motor in-feed at 


every fault current an equivalent circuit diagram of the system sections and the 


equivalent motors was drawn up from which the resultant impedances were de- 


termined. The total current at the point of the fault was determined by the arith- 


metic superposition of the current in-feeds from the system and the in-feeds from 


the motors 


* Owing to the fact that in the test circuit the short-circuit making device constituted 
(continued ) 
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The results of the calculation of the impedance of the system sections to 
the short-circuit points are given in Table 1. The determination of the e quiva- 
lent ratings of the motors is detailed in Table 2; and the short-circuit currents 
are given in Table 3. 


The difference between the experimental and the calculated values of the 
fault currents is about 10 — 15 per cent. This comprises the errors in measure- 
ments, estimated at about 6 — 10 per cent, the increase in the impedance of 
the experimental system at the time of the fault by the formation of the arc in 
the fault-making device and by the approximative character of the mathematical 
description of the short-circuit processes. But, as can be seen, the difference 
is within the limits of experimental and calculating errors. In individual cases 


Table 3 gives a short explanation of the causes of the discrepancy. 


Conclusions 


Experiment and calculation confirm that, when the system impedances 
during fault conditions and the rating of the motors sending current to the fault, 
are correctly estimated, the results of short-circuit current calculations are 


entirely satisfactory in cases in which the fault takes place near the supply 


point of the low-voltage system. For medium and long distances to the fault 


point the calculated values of the in-feed currents from the motors may be too 
small because the in-feed of some motors on the supply side of the fault point 


is neglected. 


The in-feed currents attenuate rapidly and need be taken into account 
only for the first peak of the short-circuit current at the fault. For medium and 
long distances the motors located between fault and supply point rapidly 
cease to end current to the fault and soon will require to be supplied with cur- 
rent again; During faults at points 3 and 4 the value of the current therefore 
measured at the transformer (at the input end of the circuit) became larger than 
at the first fault current peak. 


The in-feed currents from the induction motors have a considerable magni- 
tude especially at medium and long distances from the fault in the system 


shown in Fig. 1 the first fault current peak exceeded the corresponding current 
of the supply transformer by 22 — 80 per cent. 


The resistances and reactances of the low-voltage system have a consi- 


derable effect on the magnitude of the fault currents. In the system shown in 


* (Continued) 
a common impedance for currents from both sources, strictly speaking the calculat- 
ions should have been made with different distances of the sources (consideration 
of self and mutual impedances). However, such a calculation is very complicated 
and would have rendered, according to a check, the result only about 3 — 5 per 
cent more accurate than the calculation made individually from each in-feed 
source. 
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Fig. 1 the current at the far end of the system was 10 times smaller than that 


at the busbars. 


It is possible to calculate the in-feed currents from a given group of mot- 
ors fairly exactly by using a value of the rating of the motors sending current to 
the fault determined from the load before the fault and from the value of the 


relative kVAr determined analytically. 


Appendix 


The kVAr Demand. The assumption of constant kVAr demanded from the system at 
different loads of induction motors is based on the following considerations:- 


The total kV Ar demand by a motor comprises the kVAr for magnetization 
V., and the kVAr for the leakage reactance (,,. The magnetization kVAr are 


virtually independent of the motor load and are determined by the equation: 


V 3 U, l, 
where 
U, is the line voltage of the system (V); 


| the no-load current (A). 


The total kVAr demand from the system in particular at the rated load can 


be determined from the expression: 


where 


: is the rated stator current (A). 


It is easy to show that the magnetizing kVAr are equal to the total kVAr 
in the special case that the stator current is equal to no-load current and the 


phase displacement between the current and the voltage is 90°. 


The specific value of the magnetizing kVAr, independent of the loading 


of the motor, is given by the ratio: 


Oo 


l, sin d, 


U; 1, sin Dp, 


If the no-load current is expressed by the rated stator current [5] 


cos Dn 


2b, 


(sin 
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then the ratio 


cos Pn 


2 b, 


(sin d, — 


A sin 


where 


5, is the ratio of the maximum torque to the rated torque of the motor. 


Substituting likely values of cot d, and 6, it is easy to determine the 
limits of the ratio 


In [4] it is shown that for induction motors the relative value of no-load 
kVAr become, owing to the fact that the motors are not fully loaded, practical- 
ly as follows: For a rated p.f. of 0.91 — 0.93 approximately 85 per cent and for 
rated p.f. of 0.77 — 0.79 approximately 90 per cent. 


REFERENCES 
V.S. Mogil’nikov, Pull-out of induction motors during short-circuits in the system. 
Elektrichestvo, No. 11, (1954). 
S.A. Rinkevich, On the individual power demand of metal-cutting lathes in mecha- 


nical engineering works. Sbornik informatsionnykh materialov Energosbyta 
Lenenergo (Information Handbook of the Power Sales Department of the Leningrad 


Power Authority) , 3rd Edition, (1948). 
M.P. Kostenko, Electric machines. Gosenergoizdat (1944). 


L.V. Litvak, Problems of raising the power factors in industrial plants. 
Gosenergoizdat (1950). 
1.A. Syromatnikov, Operating conditions of induction motors. Gosenergoizdat (1955). 
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WIND PRESSURE ON OVERHEAD TRANSMISSION LINE 
CONDUCTORS * 


V.V. BURGSDORF 


(Received 9 January 1957) 


The correct assessment of wind pressure on conductors is of great importance 
in the design of transmission lines. This applies particularly to double-circuit 


lines and lines equipped with release clamps and safety (swivelling or collap- 


sible) cross-arms, since in these cases there is an upper limit imposed for the 


maximum permissible wind loading. In designing large installations, it is neces- 


sary to know accurately the aerodynamic characteristics of conductors and the 


distribution of wind pressure. 


As is well known, strong winds are always of turbulent nature and consist 


of fast-and slow-moving air masses. In other words, the wind velocity is never 


uniform along the front of a gust. The total load on a long object is therefore 
determined not by the maximum, but by some mean value, of the wind velocity. 


For spans longer than 200 m this lack of uniformity may be of considerable 


importance. 


The first experimental investigations to ascertain the extent of the non- 


uniformity in the distribution of the wind velocities affecting the total load on 


conductors date back over 25 years [1]! and [2]. These tests showed that for 


wind speeds up to 20 m/sec. this non-uniformity can be neglected for spans 
up to 100 m. long, but that it becomes sufficiently noticeable on spans about 
200 m. long. 


Later investigations carried out in Sweden in 1939 revealed a possibility 
of reducing the design value of wind load because of the finding that the wind 


pressure becomes less uniform with velocity [3]. Similar experiments were also 


carried out in other countries: France in 195] [4] and [5], Australia in 1949 


7 [6]; Belgium in 1952 [7]. Recently investigations were made in West Germany 
3 [8] and in the U.S.S.R. where eight experimental stations were erected with 
; span lengths from 220 to 350 m. 

: The reduction co-efficient considering the non-uniform distribution of the 
; pressure along the span was introduced in the Soviet Regulations for Trans- 


* Elektrichestvwo No.5, 47-52, 1957 | Reprint Order No. EL 23). 


56 


= 
4 we 
. 
‘a 
1958 
4 
we 
Age 
| 
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mission Lines in 1947 [9]. These regulations recommend the following formula 


2 
Pak & 
(1) 


where P is wind pressure in kg/m? of projected area; 
the reduction co-efficient; 
C, is the head resistance of conductor; 
vis the wind speed in m/sec. 


In the above formula the wind speed is taken usually as the maximum 
velocity registered by a meteorological station, for a period of 5 to 10 years. 
The head resistance of the conductor which can be referred to conductor diameter 


and wind speed, is normally taken as 1.2 [10). The coefficient a is 0.85. 


The coefficient a depends not only on the conditions existing in a given 


locality. but also on the method of measurement of the wind velocity. 


It should be pointed out that the anemometers used in the U.S.5.R. were 
of the pressure-plate type whereas those used abroad were generally of the 
pressure — tube type (i.e. working on the Pitot-tube principle). The latter ane- 
mometers can register the velocity of a wind gust lasting 10 to 15 sec. whereas 
the pressure-plate instrument, according to the instruction book, should register 
a mean position of the plate for 2 min. It is obvious that the maximum velocities 
as recorded by low-inertia anemometers should be higher than those recorded 
with the pressure-plate anemometers. This, in fact, explains the various state- 


ments on low wind speed prevailing in the U.S.S.R 


The wind load on conductors is usually computed from the measurement of 
the angle of swing of the insulator string or the coupling link from which the 
conductor is suspended. This gives directly the horizontal force on the tower 
and the reduction of the clearance to the tower. To determine the maximum wind 
loading for a given period of time, continously rec ording instruments were used 
in Sweden. Germany, and U.S.S.R. and maximum-swing indicators were used in 
France and Belgium. The deflection angles thus obtained were checked against 
records of the maximum wind velocities measured in the immediate vicinity of 


the experimental span or at a near-by meteorological station. 


A visual method of measuring the angle of deflection of the conductor at 
midspan was used in Australia. Readings were taken “only when the conductor 
was fairly steady” obviously because such a method is not particularly suitable 
for measuring maximum deflections. Moreover, the readings were checked against 
wind velocities measured by a cup-type anemometer and consequently, in this 


investigation, one can speak only of some average conductor deviation and wind 
£ 


speed. A simultaneous underestimation of conductor deflection and wind speed 


leads to the cancellation of the error. Thus, such results cannot be accepted as 
being characteristic of maximum wind loadings and will not be utilized in the 


following considerations. 


In the U.S.S.R. the wind velocity was invariably recorded by means of 
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Sweden | 
Belgian 


6) 


FIG. 1. Relationship between the coefficient a and wind velocity 
a — measurements in Sweden (inland regions): d 25 to 27.7 mm, / 155 to 
300 m: measurements in Belgium d 9.5 mm, / 120 and 190 m; 


b — measurements in Sweden d 15.8 mm, / 200 m; measurements in 


U.S.S.R. (coastal area): d 19.1] mm, / 250 m. 


pressure plate anemoters, except in one case in which a pressure -tube instru- 


ment was. used 


The results of various investigations are presented in different ways. For 
example, Swedish publications give the measured wind pressure on conductors 
as a fraction of the wind pressure on a large plane (C, = 2), i.e. the measured 
pressure is characterized by a quantity which is less than the coefficient a; in 
French investigations the results are expressed in terms of the ratio of the mea- 
sured to calculated angle of conductor deflection (the calculations being per- 
formed in accordance with the method accepted in France). In order to compare 
the results from various countries the data were recalculated on a common 
basis. The quantities calculated were the coefficient a from (1) and the effective 
load per square metre of the projected area normal to the direction of wind*. 

For each particular case the head resistance was taken as depending on the 
type of conductor and wind speed in accordance with the results of tests in 
wind tunnels carried out in the U.S.S.R. (10). In this way it was possible to 


arrive at more accurate values of the coefficient a. 


The results of this re-calculation are shown in dotted lines on the accom- 


panying figures. Figs. 1,2 and 3 show the values of the coefficient a for the 


various countries, and Fig. 4 the envelopes drawn through the points of maxi- 


mum value. Two points differing from the others are shown in Fig. 4 separately. 


* It is regretted that the results of German investigations could not be recalculated 
because of the insufficiency of published data. 
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mm 
and 293 mm? 


and 370 mm? —— 


and 400 mm* 


| 


FIG. 2. Relation between the coefficient a and wind speed according to the 


results obtained in France 


i hen analysing results of measurements, apart fror t! e non-unifort distri- 
bution of the wind speed along the span, one should also consider the case when 
the wind speed at the span is higher than that at the point of location of the ane- 
mometer. In this case the coefficient a becomes greater than unity. It is charac- 
teristic that for high wind speeds (20 m/sec and more) no such case has been 


observed in practice. 


The manner in which the experimental points are distributed allows us to 
establish beyond any doubt the fact that the wind pressure becomes less uniform 
along the span as the wind becomes stronger. Also, the influence of the differ- 
ent physical and geographical factors pertaining to different geographical areas 
is clearly brought out. Moreover, this is true not only for coastal and inland 
regions within one country such as, for example, Sweden. The first measure- 
ments carried out in the | eningrad area with low-inertia instruments yielded 
values * for the coefficient a greater than those obtained for a coastal region 


in Sweden. F-ven greater values of the coefficient were obtained in Belgium 


and yet greater values in France. 


In France values between 0.5 and 0.55 were obtained for the coefficient a 
for wind velocities up to 38 m/sec. It is regrettable that no information is avail- 
able on the experimental span lengths but it can be taken that in France the span 
leneth for conductors of 300 mm? or moret cross-sectional area, is, as a rule, 


more than 400 m and only rarely 350 m. 


* Here and later on the values of the coefficient a are taken for the same, and not for 
the maximum wind speeds, recorded in the given localities 
t It can be shown that for a wind speed of 34.5 m/sec, a= 0.52 (Fig. 2) was recorded 


on a span 462 m long. 
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The coefficients a obtained from measure- 


ments in the U.S.S.R. by using pressure- 


plate anemometers with loaded plate (Fig.3) 
correspond mainly to wind speeds of up to 
20 — 25 m/sec. However, there is enough 
experimental data to establish the fact that 
the coefficients obtained in this way are 
greater than those resulting from measure- 


ments with low-inertia instruments. One fact 


stands out, viz. the large number of points 


o 


whose values are considerably greater than 


unity for wind speeds up to 18 m/sec and 


i 


also the number of points having values of 


the order of 0.8 for wind speeds of about 25 


m sec for long spans. 


\ comparison of the curves shown in Fig. 


1 indicates that the coefficient a depends 
on the degree to which a given district is 
exposed to high winds In this respect the 


comparison of the Swedish data for « oastal 


and inland regions and of the Belgian and 


French data are characteristic. From Fig. 4 6 1s 22 m/sec 


it is seen that the curves of the reduction FIG. 3. Relation between coefficient a 


and wind speed according to results 


coefficient obtained for different regions are 
obtained in the U.S.S.R. 


shifted with respect to each other, andthe 
coefficients a for districts subjected to stronger winds are higher than those for 
districts with less intense winds for a given wind speed. Therefore, if a coeffi- 
cient a is obtained for a region with strong winds, itcannot be extended to maxi- 
mum wind speeds of regions with moderate winds. F or example, the value of a at 
25 m/sec for the region with the design wind speed of 30 or 35 m/sec cannot be 
a applied to a line erected in 
a region where the design 
Measurements in USSR wind speeds is 25 m/sec, 
~ Measurements in France | since in this latter case 


the value of a is smaller. 


To facilitate further ana- 
lysis, mean values of wind 


pressure on a conductor for 


“m/see one span recorded at vari- 
ous wind speeds are plot- 
ted in Figs. 5 — 7.The dis- 
tribution of these points is 
typical. The curves shown 


FIG. 4. Relation between greatest values of coefficient a 
and wind speed as measured in different countries 

in Sweden (inland regions); 

in Sweden (coastal regions); 
in these figures are drawn 


in Relgium; 
4 in U.S.S.R; 5 — in France from (1) for Cc, = 1.2 and 
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— Measurements in Sweden (inland regions) 
©~ Measurements in Sweden (coastal regions) | - 


1 


| 


26 IO m/sec 


FIG. 5. Relation between wind pressure on conductor 

projection area normal to wind direction and 

wind speed according to measurements in Sweden 
Belgium. 


and 293 mm? 
and 370 mm? 
and 400 mm? 


18 34 38 


42m/sec 


FIG. 6. Relation between wind pressure on conductor 
projection area normal to wind direction and 
wind speed according to measurements in France. 


a = 0.85 in accordance with the recommendations given in the Regulations for 
the Erection of Electrical Installations 


The practical conductor loading in Sweden (especially in inland regions) is 
noticeably lower than it is in Belgium and this, in turn, is lower than in France. 
For wind speeds up to 15 m/sec the experimental points lie not infrequently 
above the design curve and for velocities of 15 to 20 m/sec they are, in general, 
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the same as the higher values observed in Belgium and France. At stil! higher 
wind velocities the measured wind load is smaller than the calculated one which 


is obviously due to the lowering of the coefficient a. 


Of a similar character is the distribution of experimental points obtained 
from short-period tests in the U.S.S.R., though the quantitative relations are here 
different *: wind pressures greater than those given by (1) occur often at speeds 
of up to 18 or 19 m/sec, and at 25 m/sec they are almost as high as the highest 


values recorded. 


The material presented demonstrates convincingly the importance of the cor- 
rection factor for wind pressure at high wind speeds. This coefficient should be 
different for speeds measured with the low-inertia and the pressure-plate ane- 


mometers. 


The West European investigators working with low-inertia anemometers sug- 
gest a value of 0.5 for the reduction coefficient: they are also referring to a con- 
siderable local wind speed of 35 m/sec. The investigators in Sweden, where the 
wind speed has also been measured with low-inertia anemometers, recommend 
the coefficient a = 0.4 on the basis of a wind speed of 28 m/sec. Such a lowering 
of the coefficient appears to be justifiable on the ground that undoubtedly the 
winds in Sweden are not so strong as those in Belgium and France. 


The value of the coefficient a should be greater if this is worked out from 
the data on wind velocities obtained with the method which is accepted in the 
U.S.S.R. The relation between the coefficient obtained with the two types of 


anemometer is given by 


where ¥); is the speed measured with the low-inertia, and Upp with the pressure- 


plate anemometers. At the present time work is being done to determine this 
ratio, but it can be said even now that no great reduction can be expected in the 
present value (0.85) of the coefficient a. Indeed, taking the West European coe- 
fficient a = 0.5, the ratio 


0.85 


0.5 


which may be regarded as a sufficiently realistic figure for the ratio of short 


duration (10 to 20 sec) to one minute maximum wind velocity. 


The above statement is verified by the damages to transmission lines occur- 


* This is obviously connected with the different method of measurements (pressure- 
plate anemometers) used in the U.S.S.R. 
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ring at strong winds when the effective wind pressure on conductors is nearly 
60 kg/m? and the wind speed (measured by pressure-plate anemometer) 32 to 


35 m/sec. 


A more substantial reduction of the coefficient a can be expected for regions 
where the design wind speed is 35 m/sec or more, and also where the repetition 
rate of the assumed design speed comes near the highest observed. 


To give a fuller picture of practices in various countries the tables 1 and 2 
of design wind loadings on conductors and metal supports were compiled.* 


It is seen from Table 1 that the conductor loading used in the U.S.S.R. is 
about the same, or even sometimes lower, than in other countries.t The lowest 
wind loading is applied in Finland where, as in the Leningrad district and 
Karelian A.S.S.R., the wind speeds are not very high due to favourable geogra- 


phical conditions. 


Recent research on the effects of non-uniform wind pressures is now being 
accepted as a basis for the reduction of the design wind loadings in Belgium 
and France, where until recently these loadings have been excessively high. 


The design wind loadings on supports are invariably higher abroad than in 
the U.S.S.R., sometimes by as much as 50 or even 100 per cent. 


It appears from the foregoing that the design values used in the U.S.S.R. 
for wind loading are in every respect more modern than in most other countries 
where only recently the regulations were slightly eased-up, which brings the 
foreign design values nearer to the Soviet values. It should be made clear, how- 
ever, that this does not preclude the possibility of a future reduction in the 
design wind loading for transmission lines. 


This further reduction should be well substantiated by more extensive in- 
vestigations to determine realistic loadings for various regions and to obtain 
more accurate aerodynamic characteristics of conductors and supports and the 
possible values of the coefficient a. 


From experiments which have been carried out up to now it is possible to 
reduce the design head resistance to 1.1 for the values of the product vd > 


400 m/sec. mm. It is also possible to take the coefficient a = 0.75 if the 
supports are checked for the highest wind loads tt. This relaxation of the design 
conditions can be extended also to localities with the design wind velocity of 


In the U.S.S.R. the loads are taken for the average wind speed of 25 m/sec. 

The accepted thickness of ice for Sweden varies between 1.3 and 3.2 cm. Therefore the 
resulting wind load on tower becomes considerably greater than in the U.S.S.R. 

The speeds considered are the maximum values for a given region, occurring once in 


5 years, and not the design speeds. 
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m/sec 


FIG. 7. Relation between wind pressure on conductor pro- 
jection area norma! to wind direction and wind speed ac- 
cording to measurements in the U.S.S.R. 


35 to 40 m/sec, except for the regions adjacent to large water areas. The ques- 
tion of specifying more precise value for the coefficient a will be decided from 


the results of experiments now being carried out in the U.S.S.R. 


It is also necessary to consider more closely the actual conditions under 
which a line is expected to operate. In particular the present practice of ex- 
tending the design wind speed of 25 m/sec. to regions with light wind should be 


abandoned. In all cases the design wind speeds should be chosen in accordance 


with observations. For lines passing through woodlands the design speed should 


be taken at least 5 m/sec. less than the speed for the main region. 
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THE PROTECTION OF A REGULATING AL TOTRANSFORMER* 


A.N. KOZHIN 


(Received 23 March 1956) 


The voltage regulation on load in the h.v. systems of the USSR is increasingly 
carried out by transformers with booster groups. The use of autotransformers 


with regulating gear for this purpose is spreading. 


Fig.l is the diagram of a power transformer with a booster group. The latter 
consists of a regulating autotransformer (or transformer) and a transformer in 


series with it. 


The present communication considers the 


protection of a regulating autotransformer (or 


transformer) against phase-phase faults and 


short-circuits between the lead-outs of its 


secondary winding. Our considerations will 


deal more specifically with the protection of 


autotransformers. However, they can be ex- 


tended to include the case of a regulating 


transformer, and also other circuits comprising 


a power transformer or autotransformer with a 


booster group. 


For a regulating autotransformer high-speed 
FIG.1. Schematical representation protection is desirable. Yet the use of the 
of a transformer with on-load volt- simplest types of high-speed protection entails 
age-regulating gear. 
1-Main Transformer; 2-Series 
Transformer; 3-Regulating Auto- he difticulty in using a tripping coil 
transformer. 


certain difficulties. 


(“current cutout”) consists in the fact that 
the currents set up at faults inside the autotransformer and at external faults may 


be of the same order. This makes it impossible to design a protection system of 


satisfactory sensitivity and operate from the short-circuit currents at external 


faults. 
The difficulty in using a differential protection resides in the fact that the 


* Elektrichestvo No.5, 52—56, 1957 [Reprint Order No. EL24). 
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The protection of a regulating autotransformer 


transformation ratio of the autotransformer varies between wide limits. The operat- 
ing curreat of the protection, selected with allowance for the unbalance current set 
up by a variation of the transformation ratio of the autotransformer, may become so 
high that it may be impossible to assure the required sensitivity to short-circuits 


in the protected zone. 


An inclusion of the autotransformer in the zone protected by the differential 
protection of the main transformer requires the sensitivity of this protection to be 
reduced. Also, the fault current in the autotransformer will, as a rule, be neglig- 
ible in comparison with the operating current of the relay and the protection will 


then not operate in the case of such a fault. 


A.A. Gevorkov suggested, in 1935, for the protection of autotransformers 


a special type of overcurrent relay connected to current transformers inserted into 


the primary circuit of the regulating autotransformer. At external short-circuits the 
protection is locked out by current relays connected into the circuit of the main 
transformer [1]. However, this protection system suffers from substantial disad- 
vantages which will be considered below. For some types of autotransformers it 


is altogether unsuitable. 


lo protect a regulating autotransformer against phase-phase short-circuits and 
short-circuits between the lead-outs of an individual phase of its secondary wind- 
ing the author of the present paper developed a new overcurrent protection with 


restraining characteristic (Fig.2). The current relays of this protection are connec- 


FIG.2. Protection of regulating auto- 

transformer. |-Main Transformer; 2- 

Series Transformer; 3-Regulating 

Autotransformer; 4-Interposing Satur- 
able Transformers. 
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ted into the primary circuit of the regulating autotransformer. 


lo obtain magnetic restraint, the interposing transformer has in addition to its 
operating and secondary windings a restraining winding (Fig.3) connected to the 
current transformers inserted into the circuit of the winding of that side of the main 


transformer on which voltage regulation is carried out. 


When no current flows through the restraining 


windings the interposing transformer operates 


as an ordinary saturable transformer. The mag- 


netic flux produced by the restraining windings 


when current passes through them is closed 


through the outer limbs, it does not enter the 


middle limb nor does it set up an e.m.f. in the 


secondary winding, but it saturates the magnet- 


ic circuit and deteriorates the conditions of 
FIG.3. Interposing Saturable transformation of the operating current. The 
Transformer. w,° and wy higher the restraining current, the greater must 
restraining windings; “sec be the current in the operating winding in order 
en ae a to obtain in the secondary winding a current 
set up by restraining wind- equal to the operating current of the relay. 


ings; D,. -flux set up by op- 


) 
op l'o show the advantages of the new system 


erating winding. 
over the protection with a lock-out, we will 


consider the sequence of the selection of the parameters of both systems. 


The operating current of the lock-out relay in the protection working with lock- 
out must be greater than the maximum operating current and the maximum short- 
circuit current in the zone protected by the relay. The latter is assumed equal to 
the maximum current at the point of erection of the locking relays for short-circuits 


on the secondary lead-outs of the autotransformer. 


There are therefore two conditions for the selection of the operating current 


of the blocking relays, viz. 
L) lop. bl.r 2 Krlt_op.max» 
2) lop. bl.r sh. max» 


where A; is the coefficient of reliability, lt op. max the maximum operating cur- 
rent in the winding of that side of the power transformer where the voltage is 
regulated, /<4 max the maximum current in the same winding of the power trans- 
former at an internal short-circuit in the regulating autotransformer. 


As a rule, the second condition is the decisive one. For this reason the 
operating current of the blocking relays becomes greater than the rated current of 


the autotransformer 


(1) 


lop. bl.r. > rat. 
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The protection of a regulating autotransformer 


At through short-circuits and under normal conditions the primary current of 


the regulating autotransformer is 
Kl; (2) 


where A is a proportionality factor and /; the current in the winding of the power 
transformer on the side at which the regulation is carried out. 


The proportionality factor A may be determined with satisfactory accuracy as 
the product of the transformation ratios of the regulating autotransformer and series 
transformer, respectively, viz., 

K = kk. (3) 
The theoretical value of this factor A will be greater than its actual value. 
Fig.4 represents the relationship /, = f(/,) and the characteristic of the protec- 


tion according to Fig. 2. 


a; 


FIG.4. Relationship between Current in primary Wind- 
ing of Autotransformer and Current in Winding of Main 
Transformer. 
| — ideal Characteristicof Protection; 2 —/, = Ki, . 
3 —lop.r() = 4 — lop. rt) = sh. = 


For a selective action of the protection at external short-circuits the following 
relation must hold between the operating currents of the blocking and protective 
relays 


lop. pr.r. = KF lop. pr.r. (4) 


where A, is the coefficient of reliability (Kf > 1). Consequently, 


lop. pr.r. > (5) 


Practical calculations showed that lop.pr.r. (1.5-2) i-e. the protection 


is of low sensitivity. 


A protection with locking-out device may fail to operate at short-circuits in 
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The protection of a regulating autotransformer 


the autotransformer where the current in the blocking relay exceeds the maximum of 
the theoretical short-circuit current. Also, it does not operate at phase-phase 
short-circuits on the lead-outs of the primary winding of the autotransformer because 
in this case the short-circuit current on the side where the blocking relays are 
placed is greater than the operating current of the latter. It may be equal to the 


current set up in the case of short-circuits on the low-voltage side. 


Failure to respond of the protection in the cases mentioned will require the 
installation of a stand-by protection or the inclusion of the autotransformer into the 
zone protected by the differential protection of the main transformer. The latter 


method meets with certain design difficulties in some cases. 


When the autotransformer (without its tap-changing gear) is included in the 
zone protected by the differential protection of the main transformer, the operating 
current of the blocking relays may be reduced by matching to the operating current 
of the differential relays; this increases the sensitivity of the protection to short- 


circuits in the autotransformer. 


The ideal characteristic of a current protection with restraint may be represen- 
ted by a straight line, whereas its actual characteristic is curved (Fig.4). Also, 
according to the angle a between the vectors of the currents in the operating and 
restraining coils of the relay, the restraining characteristic may be above or below 
the characteristic for a=0°, i.e. at the same value of /; the operating current may 


have different values. 


To calculate the selectivity of the protection the characteristic lop.) = 
{(/,) corresponding to the angle at the minimum restraint is selected. 


To prevent non-selective operation of the protection when its secondary cir- 
cuits are interrupted, the operating current of the relay without restraint i. — 
is assumed greater than the operating current of the autotransformer. — 


The quotient of the ordinate ac(Fig.4) of the characteristic of the relay 


lop.r (1) = {(/,) adopted for calculating the selectivity by the ordinate ab of the 


straight line /, = KJ, for the same current /, determines the margin of selectivity or 


the coefficient of reliability A,. 
The minimum value of this coefficient should not be less than 1.2. 


In the case of short-circuits in the autotransformer the curve relating the 
current of the autotransformer /, .; with the current in that winding of the main 
transformer on whose side the regulation takes place is higher up than the curve 
[, = Kl, On a three-phase short-circuit on theconnections between regulating and 
series transformers fed only from the h.v. side, the above relation takes the 


following form 


Lesh. = (6) 


where ky, is the transformation ratio of the main transformer. 


ig. 

= 

a 

i 

= 
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The protection of a regulating autotransformer 


As a rule, the coefficient 4; is considerably greater than the coefficient A. 


Consequently, for the same value current /, is greater than current /,. 
q t er r 


To calculate the sensitivity we assume the characteristic for an angle bet- 
ween the vectors of the operating and restraining currents corresponding to maxi- 
mum restraint. The minimum coefficient of sensitivity A,,, is determined by the 
quotient of the ordinate mn of the curve /, <4 = {(/;) corresponding to the current 
l, ¢h. calculated ander consideration of the fault resistances, by the ordinate mA 
of the curve lop r(l) = {U/,) for a restraining current also calculated under con- 


sideration of the fault resistances 


The consideration of the fault resistances in the calculation of the fault 
currents may be carried out by reducing the currents of a dead short-circuit by fac- 


tors of 1.5—2. The coefficient of sensitivity of the protection at the minimum 


fault current must not be below 1.2—1.3. 


The minimum coefficient of restraint of the protection A,,<, is determined as 


the tangent of the angle of slope of the tangent to the characteristic of restraint 


lop r (1) = {U/,)), drawn from the origin of the coordinates. It is found from the 


following expression 


Arrest A, lop lest A, Any Keon r 


where A, — is the coefficient of reliability. lop —the current in the operating 
winding of the interposing transformer, /,.., —the current in the restraining coil of 
the interposing transformer, A —the theoretical value of the coefficient of proportion- 
ality between the currents lop and /,es;, %¢—the transformation ratio of the current 
transformers in the circuit of the main transformer, a, , —the transformation ratio 

of the current transformers in the circuit of the primary winding cf the regulating 
autotransformer, A....—the coefficient of the circuit connections of the current 


transformers in the circuit of the main transformer 


By contrast to a protection with blocking relay the protection with a relay with 
restraint is intrinsically a high-speed protection, i.e. its reliable operation in the 
case of external short-circuits can be assured without introducing an additional 
time-lag 

Saturable interposing current transformers are also used for offsetting against 
magnetizing current rushes occurring when the transformer is connected under no- 
load conditions. 

Fig 5a shows a single-line di igram of a variant of an autotransformer whose 
stationary lead-out is fixed at the mid-point of the winding In this case the short- 
circuit curreats are limited by the resistance of the winding at any position of the 
moving lead-out 

Fig.Sb shaws another variant of the autotransformer; the stationary lead-out 


of this is fixed at one end of the winding. When the moving lead-out is at the 
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The protection of a regulating autotransformer 


opposite end of the winding, the 
short-circuit currents are not 
limited by the resistance of the 
autotransformer and are of the 


same magnitude as on external 


short-circuits on the side to which 
the regulating element is connec- 
ted. To such an autotransformer 
FIG.5 Variants of the Location of the 1 proteetion with blocking relays 
f eae 
stationary Lead-out of Autotransformers. cannot be applied since at the 
a-stationary lead-out fixed at na idpoint of " 
maximum regulation the values of 
winding; b-stationary lead-out fixed at 


the currents at the location of the 
ends of winding. 


blocking relays ire of the same 
wder in the cases of external short-circuits and of short-circuits at the lead-outs 
f the secondary winding of the iutotransformer Also, the protection with lock- 


out 1V fail to respond at »verlo ad «¢ urrents of the main tr insformer excee ling the 


oO} erating current of the blocking rel ivs. 


\ protection with restraining characteristic has none of the lisadvantages 
nentioned,; 0, ! » made more sensitive and has a larger protected zone. 


mparison of the characteristics of the rotection systems. 


nplify the walysis, the 


effect on the characteristii of the 
protection of the angle between 


yperating ind restraining currents 


is not considered In the shaded 
A and B the protection with 
lockout loes not oper ite. but the 


protection with restraint loes 


Area A corresponds to faults with 
ill, area B to faults with large 


short-circuit currents 


The zone pr ‘ttected by the pro- 


tection with restraint inclu les the 
regu! iting sutotr insf rmer, the Characteristics of Pro- 
— 
connexions between autotransformer a Regulating Autotrans 
former 
ind 6seres transformer, ind parts 
ristic 
of the series transformer \s cur- : 
jon Ww 


rent relay a relay of type T-520 


be use oT urrent 


urrent 


It should be noted that the pro- urrent yf regulating sutotransformer: 


tection nay be lesigned not only i “« current of main transformer 
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The protection of a regulating autotrans!{ormer 


for the type of relays with restraint described above, but also with relays with 


independent restraining coils 


The difficulty of using commercially available relays with restraint consists 
in the fact that for the protection of a regulating sutotransformer a relay with a 
high restraining factor is required. Orientating calculations show that the mini- 


mum restraining factor should be of the order of 1.5—2, whereas the commercial 


relays have only restraining factors of the order of 0.2 —1 


Conclusions 


The protection of a regulating autotransformer or transformer, using relays 
with a restraining characteristic has a number of advantages over a nrotection 
using blocking current relays. The protection with restraint is sufficiently sensi- 
tive for faults in a regul sting autotr insformer or transformer kor some types of 
regulating autotransformer only a protection with restraint may be used The use 
of relays with restr iiming characteristi renders it possible to offset the relays 
against fault currents of external short-circuits and load currents. The protection 


with restraint is intrinsically a high-speed protection It also requires fewer 


pieces of relay apparatus than the system with blocking relays 
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CURRENT IN THE CHARGE MATERIALS OF A 
FERROSILICON FURNACE * 


L.T. ZHERDEV 


(Received 24 November 1957) 


The type of iron-alloying furnace most frequently used nowadays is the circ ular- 


shaft three-phase type of furnace with continuous electrodes arranged in a triangle 


symmetrically to the axis of the furnace (Fig. 1). In normal operation the lower part 


of the electrodes plunges into the charge materials with which the working space of 


the furnace is filled. The power is supplied to the electrodes by a special furnace 


transformer enabling the value of the lower voltage to be altered. For any selected 


voltage of the transformer the load regulation is carried out by a vertical displace- 


ment of the electrodes or by altering the resistance of the charge continuously in- 


troduced through the top of the furnace. 


Despite the apparent simplicity of the plant and the considerable successes 


achieved where equipment and operation of alloying furnaces is concerned, there is 


as yet very little in the way of a theory of the processes taking place in these fur- 


naces. For this reason the main parameters of new furnace designs are usually 


selected by analogy with furnaces already successfully operating. For the same 


reason, the choice of rational operating conditions and the rapid correction of devia 


tions from the normal course of the process requires highly skilled and experienced 


personnel. 


That knowledge of the processes in alloying furnaces is still insufficient is 


also confirmed by the fact that up to the present there is no generally accepted 


view on the distribution and main paths of the current in the working space of the 


furnace and, consequently, no generally accepted views on the most suitable equiva- 


lent circuit for such a furnace. 


That current passes through the charge materials of alloying fumaces was 
pointed out a fairly long time ago by M.S. Maksimenko |1) and Vochke [2]. In a dis- 
cussion organised by the All-Union Central Scientific Research Institute in 1954, 


the view that a charge current virtually does not exist was expressed. 


This considerable divergence of opinions on one of the fundamental! questions 


associated with the problem of the correct representation of the phenomena in the 


* Elektrichestvo No. 5, 65 — 67, 1957 [ Reprint Order No. EL 251]. 
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Current in the charge materials of a ferrosilicon furnace 


sondes being open; 
' _ the current in the charge between the blades when the extemal circuit of 


the sondes is closed; 
/* — the current in the external circuit of the sondes when it is closed; 
ro — the resistance of the part of the charge through which the current passes 


between the electrode and through the nearest blade; 
— the resistance of the part of the charge through which the current passes 


from one blade to the other; 
s — area of the blade of the sonde. 


Section A-8 


FIG. 1. Schematic plan and cross-section of a modern 3-phase 


alloying furnace. 


Having calculated the p.d. between the blades of the sondes for open and 


closed external circuit of these sondes, we can express the current /, by the current 


viz: 
(1) 


Having determined the p.d. between the electrode and the blade of the sonde 
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Current in the charge materials of a ferrosilicon furnace 


FIG. 2. Diagram of the location of the blades of FIG. 3. Equivalent circuit for the cur- 


the sondes for determining the current density rent in the charge materials passing 
in the charge materials. through the blades of the sondes. 


nearest to it for open and closed external sonde circuit, we calculate the sum of the 
currents + /i, viz: 
U —U, 


1 


Substituting the value of current 7, from (1) into (2), we get 


— Vso — Ux 


I, = 


Equation 3 enables us to calculate the value of the current in the part of the 
charge between blades of the sondes under normal operating conditions of the fur- 


nace. 


The mean current density in the charge materials in the volume enclosed by the 


surfaces of the blades of the sondes will be 


l, 


From the current density and the p.d. it is easy to calculate the mean resist- 
ance of the charge between the blades of the sondes. The table brings together the 
results of measurements carried out by means of sondes in an actual furnace, and 
also the calculated current densities and resistances of the charge materials. 


The above method of determining the current densities in the charge materials 
cannot claim to yield very accurate measuring results. In addition to the errors in- 
troduced by the basic assumptions, additional errors arise in the measurements on 
an actual furnace by incorrect arrangement of the blades of the sondes (deviation of 
the surface of the sonde from the equipotential surface), imperfect contact between 
the charge materials and the blades of the sondes, reduction of the area of the 


blades by their partial melting, etc. 


It is, therefore, difficult to determine the magnitude and the character of the 
experimental error and the measured values of the current density shown in the 
table have, therefore, to be considered as purely orientating. 
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Current in the charge materials of a ferrosilicon furnace 


electric circuit of an alloying furnace is due to the absence of direct experi- 
mental demonstrations in favour of one or the other point of view. 


The difficulties of carrying out experiments on an actual alloying furnace owing 
to the high temperature of the open top are well-known. However, it is possible to 
demonstrate the existence of a charge current and approximately to determine the 
current density in the charge materials in different parts of the working space of the 
furnace under conditions of industrial operation of such furnaces. 


We give below a description of the method and the results of the experimental 
determination of current density in the charge of a ferrosilicon furnace. The measure- 
ments were carried out on a furnace (Fig. 1) producing 45 per cent ferrosilicon. 


To measure the current densities in the charge we used sondes of a special 
form, produced from steel! rods of 18 - 20mm diameter and about 6m length. One of 
the ends of each steel rod, about 300 m long, was bent to an angle of 60° and a 
blade of sheet steel about 10mm thick and of an area of 200 - 300 cm? was welded 
to it. 


The ends of the steel rods were inter-connected through a current transformer 
by means of clamps and flexible cables. When the cables were connected, the 
current of the external circuit of the sondes could be measured. The blades were 
plunged into the viscous charge materials in the working space of the furnace near 
the electrodes. The equivalent circuit of the blades is shown in Fig. 2. 


To determine the current densities in the charge, the potentials of each blade 
relative to the neutral point of the furnace (its hearth) were measured on the sonde 
circuit which was opened and closed on the current transformer. In addition, the 
phase voltage of the electrode near which sondes were placed, and also the current 


in the external circuit of the sondes when it was closed, were measured. 


All the following calculations to determine the densities of the charge current 
are based on assumptions that the resistances of the parts of the charge along the 
paths of the current passing through the sondes blades retain their value whether 
the external circuit of the sondes is open or closed; moreover, it was assumed that 
all the resistances in the paths of the charge mentioned and in the sonde circuit are 


purely active. In this case the equivalent circuit of the actual circuit of the charge 
current through the blades of the sondes may take the form represented in Fig. 3. 


It is not difficult co calculate the current in the charge flowing in the region of 
the blades of the sondes when the external circuit of these sondes is open. We intro- 
duce the following symbols: 

U —is the potential of the electrode relative to the neutral point of the furnace; 

Uy and U,» are the potentials of the first and second blades of the sondes rela- 

tive to the neutral point of the furnace when the external circuit of the 
sondes is open; 

U, and U, are the potentials of the same blades relative to the neutral point of 

the furnace when the external circuit of the sondes is closed; 

/, — is the current in the charge between the blades, the external circuit of the 
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Current in the charge materials of a ferrosilicon furnace 


Measured with Measured with Calcu- | Calcu- 


Distance | Distance 


of the | between from the external external circuit current | resis- 
blade | sonde electrode | sonde circuit of the sondes density, | tivity 
ofthe | blades to nearest open (V) closed j (ohm. 
sonde sonde cm) 


(cm?) (cm) blade Uy | Up | | fA) 


(cm) 


(A/cm?) 


41 
28 
28 
37 
31 


Nevertheless, the data in the table make it possible to trace a certain regular- 
ity in the variation of the current density in the charge materials. The current den- 
sity in the charge decreases with increasing distance from the electrodes; a similar 
relationship should also be observed for the working space of the furnace since the 
area of the current-carrying cross-section of the charge materials increases with in- 
creasing distance from the electrodes. 
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The method of measurement by means of sondes buried in the charge materials 


we put forward enabled us to determine the order of magnitude of the densities and 


resistivities of the charge of a working ferro-silicon furnace. These experimental re- 


sults confirmed the necessity of considering the conductivity current of the charge 
in the study of the electric circuit of a ferrosilicon furnace. 
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LARGE SYNCHRONOUS MOTORS WITH SOLID 
POLES ON THE ROTOR* 


Z.B. NEYMAN 
(Received 4 February 1957) 


For the drive of some high-speed mechanisms, e.g. blowers, pumps etc., large elec- 
tric motors are required for a speed of 1500 rev/min. The use of induction motors 
with squirrel cage rotor is uneconomic because of the reduced p.f. It also must be 
considered that with increasing power of the drive and therefore, of the motor, the 
energy dissipated in the short-circuited rotor winding during starting increases more 
than the heat capacity of the rotor. With large motors it is therefore difficult to keep 
the temperature conditions of the rotor within the permitted limits. A further prob- 
lem is how to provide sufficient mechanical strength for the rotor. These factors 
limit the maximum rating of induction motors with squirrel cage rotors to about 2000 


kW. 


Better economic characteristics are obtained by the use of synchronous salient- 
pole motors with a short-circuited winding for starting, located in the pole shoes. 
But long experience with the operation of such motors shows that they often fail be- 
cause of damage to the joints and breakage of the rods of the starter winding. The 
fundamental! difficulty of a reliable design of the rotor of the synchronous motor with 
starter winding on the poles is the great amount of heat developed during starting 
which leads to excessive heating of the winding, especially with drives having a 


large flywheel moment. 


For driving high speed mechanisms a series of synchronous motors of 1300, 
2000 and 3000 kW has been developed by the “Ural-Elektroapparat” Works with solid 
rotor and solid pole shoes. These motors have no special short-circuit windings 


which makes them very reliable in service. 

The starting of the motor as induction motor is done in the same way as with 
synchronous machines with short-circuited winding on the pole shoes, i.e. by across- 
the-line starting or through a reactor with a reduced voltage of 70 per cent of the 
rated value. 


At the beginning of the starting process the current is distributed over the sur- 
face of the solid pole shoes, since at a frequency of, or about, 50 c/s the depth of 


* Elektrichestvo No. 6, 32 — 35, 1957 | Reprint Order No. EL 26). 
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Large synchronous motors with solid poles on the rotor 


penetration of the current is small. The current runs parallel to the rotor axis and is 


terminated in a tangential direction at the edges of the pole shoes. The pole shoes 


are interconnected on both sides of the rotor by copper rings so that a part of the 


current Circuit may be closed through these rings. With increasing rotor speed the 
| 


frequency of the pole shoe current decreases and the current penetrates more deeply 


into the steel. 


FIG. 1. 
DSP 116/49-4 (1300 kW, 6000 V, 


Slip 


Starting characteristics of the motor type 
1500 rev/min) 
rotor closed across discharge resistor, pole 
shoe faces connected through copper rings. 


short-circuited, pole shoe faces con- 


rotor 
nected through copper rings. 
rotor closed across discharge resistor, pole 
shoe faces open (copper rings removed). 

rotor short-circuited, pole shoe faces open 


(copper rings removed). 


Fig. 1 shows the starting 
characteristics of the motor type 
DSP 116/49-4 (1300 kW, 6000 V, 
1500 rev/min). These chacteris- 
tics correspond to starting at full 
voltage with the field winding of 
the motor short-circuited or closed 
across a discharge resistor. In 
order to check the effects of the 
rings connecting the faces of the 
pole shoes the starting character- 
istics were taken with and with- 


out these rings. 


Fig. 1 shows that the asynchron- 
ous torque is considerably higher 
with the rings. The tests also 
showed that under asynchronous 
conditions the motor worked with 
better stability and pulled into 
svne hronism more safely . As 
could be expected, the presence 
of the discharge resistor in the 
field circuit has a marked effect 
on the increase of the asynchron- 


ous tor jue. 


The starting characteristics in 


Fig. 2 of a motor connected to a 


fan drive of the type D 3500-1] 


again show the favourable effect of the copper rings connecting the faces of the pole 


shoes. 


The starting characteristics of the motor type DSP 140/74- 4 (3000 kW, 6000 V, 


1500 rev/min), also with solid pole shoes on the rotor, are reproduced in Fig. 3. 


It should be noted that there are as yet no practical methods for determining the 


starting chacteristics of motors with solid poles on the rotor with the accuracy re- 


quired. The method of calculating the starting process suggested by Kh. R. Bal’yan 


[1] vields somewhat low values of the starting characteristics. 


It is known that with laminated poles the pole face losses are insignificant. But 


with solid poles, especially when the ratio of stator slot width to air gap is larger 
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Large synchronous motors with solid pole s on the rotor 


than unity these losses increase 
considerably. On the motors of the 
series DSP this ratio is slightly 

| ger than unity ind therefore the 
effect of the surface losses on the 
total steel losses is insignific ant. 
On an average, the pole face 
losses of these motors do not ex- 


ceed about 8 per cent »f the total 


losses in the machine 


The temperature rise of the pole 
shoes of the rotor during starting 
was determined by tests on a 


1300 kW motor driving a fan type 

D 3500-11. During the start of the 
FIG. 2. Starting chars { the motor type motor with resistors in the field 
DSP 116/49-4 mnected exhauster type 
with exhauster pole shoes was 100 - 130°C and 


circuit the temperature rise in the 


D 3500-11 start on across the 
vaive ciosed in the connecting rings 140 - 180°C 


l.- rotor closed across discharge resistor, pole 


for am initial temperature of 50 - 


shoe taces connected throug! pper rings, . 
rotor closed across discharge resistor, pole ov C. Starting took about 16 sec. 

shoe faces open (copper rings removed) With direct connection of the field 
win ling to the exciter, the tempera- 


ture rise of the pole shoes was about 30 per cent higher than the above values. 


These experimental data agree 


satisfactorily with values of the 


pole shoe temperature calculated 


from the duration of the start and 
the magnitude of the relative losses 
in the pole shoes at the instant »f 
connecting the motor to the system 
(Data of the Central Electrical Re- 
search Laboratory given in |2 and 
3}). 

The motors of the DSP series are 
ofthe fully-enclosed type and have 
two-way radial and axial ventila- 
tion. The air circulation in the 
machines is maintained by the ro- 


tation of the salient poles of the 


rotorand by two fans ofthe propeller 


-blade type mounted onthe shaft at 
Slip 


both ends of the rotor. (Fig. 4). The 


intake of the cool air is below the FIG. 3. Starting 
DSP 140/74-4 (3000 kW, 6000 V, 1500 rev/min). 


characteristics of the motor type 


machine and so also the outlet of 
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Large synchronous motors with solid poles on the rotor 


the warm air through ducts of 
of the stator. 


\ spec ial feature of the 
rotor design of the 1300 kW 
motor is its cross-shaped 
frame made of strong steel 
plates to which the four pole 
shoes are bolted. The copper 
rings are also bolted to the 


ends of the pole shoes. 


For reasons of mechanical! 
strength the rotors of the 
2000 and 3000 kW motors are 
FIG. 4. Rotor of the motor type DSP 140/74-4 of 3000 kW. steel forgings. The rotor 


windings consist of bare 


copper strips. The turn insulation consists of varnished asbestos. 


The stator bodies are of welded construction. The core is made of highly-alloyed 
dynamo sheets. The stator windings have reinforced mechanical clamping to ensure 
reliable service of the machine in transient conditions and during starting. The coil in- 


sulation is compounded mica. 


The motors have bracket-type bearings with self-adjusting bushings; the working 
surfaces of the bearings are babbitted. The bearings of the motor have ring lubrication 
The 3000 kW motors are also designed for forced-oil-lubrication. The bearings are 


provided with reliable oil-seals. 


The excitation of the motors is obtained from directly-coupled exciters of type 
PN. The value of the field current for the motors of 1300 and 3000 kW is 370 and 
490 A respectively. (Exciters type PN - 205 and PN - 400 are used.) 


The motors with solid poles on the rotor have more favourable weight figures 
than synchronous and induction motors for 1500 - 300 rev/min (Fig. 5). Bearing in 
mind the weight of the exciter, which in the range considered amounts to about 5-6 
per cent of the total weight of the motor, we find that the weights of the synchronous 
motors with solid poles are more favourable than those of four-pole induction motors. 
The efficiency of the synchronous motors of the series DSP is also higher than that 


of four-pole induction motors (Fig. 6). 
The experience gained on design and operation of the four-pole synchronous 


machines of the type DSP of the “Ural-Elektroapparat” Works enables us to to state 
that the range of applications of high-speed synchronous machines of the series DSP 


could still be usefully extended. 


Solid-pole synchronous condensers equipped with high-speed field regulation 
must be considered as a very promising application of the new design. Good starting 
characteristics of the motor with solid poles would render it possible to start the con- 
densers at a very much reduced voltage and the presence of the large air gap between 
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Large synchronous motors with solid poles on the rotor 


(kW) 


2000 
Power of motor 


Efficiency 


motors 


FIG. 5. Relative weights of the electric 


1- synchronous motors of the DSP - series, 4 - 
2000 3000 4000 
Power of motor 


1500 rev/min. 


synchronous motors of the CM-series, 


3000 rev min. 
- induction motors 1500 rev, min. FIG. 6. Efficiencies of electric motors 
1500 rev/min. 


- induction motors of the ATM - seres, 
induction motors, 1500 re 


3000 rev min. 2 


stator and rotor virtually suppresses the effect of the pole shoe face losses at the 


l - synchronous motors 
*v/min. 


starting of the motor. 
It is also suggested to develop a series of small condensers of the 2000-5000 


kVA range at 1500 rev min based on the design of the four-pole machines of the DSP 


series. 
The experience gained in recent years with the operation of high-speed synchron- 


ous motors with solid poles on the rotor has confirmed the possibility of their wider 


use in place of smaller machines with laminated poles and with squirrel-cage windings 


in the pole shoes. 


REFERENCES 


R.Kh. Bal’van, On the design of the solid rotor. Elektrichestvo, No. 6, (1955). 
1.A. Syromatnikov; Operating conditions of synchronous generator, 
G osenergoizdat (1952). 

3. Report No. 1-113 Central Electrical Research Laboratory (1954). 


ae 
| 
= 
| | | | | | 
(kW) 
4 : 
1958 
: 
= 
= 
4 
a 


TURBOGENERATOR ROTOR WITH DIRECT COOLING 
OF THE WINDING CONDUCTORS * 


V.V. TITOV and Z.B. KOGAN 


(Received 18 January ]957) 


In the instructions of the Sixth Five-Year Plan for the development of the national 
economy of the U.S.S.R. for 1956 - 1960 by the 20th Congress of the Communist Party 


of the U.S.S.R. suggestions on the design and construction of large generators of 


ratings up to 300 MW were included. 


In the course of the development of new types of large turbogenerators the 
“Elektrosila” Works designed and produced an experimental rotor with direct hyd- 


rogen-cooled conductors. This rotor was installed in an actual set of 30 MW rating 


in one of the Leningrad power stations in 1956 and was tested in service on load. 


Design of the Rotor Winding 


In the project the design of the rotor was based on the principle of self-venti- 


lation with inlets and outlets for the cooling gas distributed over the whole length 


of the rotor. This leads to the most uniform distribution of the copper temperature 


along the machine. 


The principle of introducing the cooling gas into the rotor directly from the 


air gap of the machine is well known; it is used by the American General Electric 


Co. In the generators of this firm the gas circulates in the longitudinal! or the axial 


direction of the rotor through ducts formed by the hollow rotor conductors. The 
length of the sections of these ducts is about 500-600 mm. The gas enters and 


leaves each conductor through a system of openings in the rotor teeth and slot 


wedges. The gas flow in a rotor of this design is shown schematically in Fig. 1. 


The “Elektrosila” Works used an original construction and layout of the ducts 


in the rotor conductors. The coils in the slotted part of the rotor consist of con- 


ductors of the usual rectangular cross section. On the lateral faces of the coils 


oblique channels 18 mm wide are milled all along the slotted part of the rotor. 


At either side of each coil the channels are inclined at the same angle to the axis 


of the conductors, but slope in different directions. The gas enters a channel 


* Elektrichestvo No.6, 35-38, 1957 | Reprint Order No. EL. 27}. 
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r with direct cooling of the winding conductors 


in opening in the we ige, flows along and down the coil to the bottom of the 
asses under the bott turn, up through a channel on the other side of the 
opening also in the wedge. Inlet and 


m each side of the coil. The width of a zone e juals the 
inlet and outlet 


into the air gap through an yutlet 


outiet gas zones alternate 


ing between the yppenings of the connected ducts. 


The distri- 
bution f the channe 


f the rotor slot is semi-circular in shape and is filled with an in- 


ed to allow the gas to flow fron 


connectors or parts of the coils 


one side of the 
yutside the rotor body 
t.ach conductor consists of two U-shaped bars forming an 


the other. ‘na 
are rf hollow se 


internal duct in 


, nductor which is linked to a sloping channel in the slotted 
part of the rotor. The gas, having passed through the duct in the end connector, is 


discharged through the yping channel into the 


lateral s! air gap. Provided a suffici- 
entiy 


. f gas flow through the ducts and channels is assured, this 


lesign will resuil in a 


od heat dissipation and in practically uniform copper 


temperature all along the winding. 


= 


eee eee 


il representaiion of gas flow along 
or of “Elektrosila® Works. 
he 


gas velocity jucts and channels is greatly affected by the shape 
ind outlet openings for the cooling gas. On the experi- 
wed 


ind dimensi 


nental rotor the openings the ge were designed in the simplest manner which 
would still enable sr 


oth inlet and outlet passage between the gap and the slot to 
»btained (hig. 3.). In the gas inlet zone the slot wedge was provided with a lip 
above the surface 


of the rotor. The channels in the 
through which t 


the gas enters the slots are 


projecting s 


slot wedges 


wrranged alternately in the leading and 
thus assuring a uniform distribution of the gas on both sides of the 
The rotor teeth posite the inlet openings in the wedges are 
idial direction. In the gas outlet zone the openings in the wedges 
aller diameter and the wedges do not project above 


ypenings also face 


} 
gntiy s 


innular grooves turned 
surfa e During tt 


1 with a uniform 
f 
ne tests it was tound that the gas velocity in a 
channel! was ‘rig 


ent of the peripheral speed of the rotor. 
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Turbogenerator rotor with direct cooling of the winding conductors 


The manufacture of the experimental rotor made it possible for the new design 
to be thoroughly tested. In contrast to the production processes required for a rotor 
of normal design the production of the coils and their insertion into the slots re- 
quired the development of many specialized techniques. The U-shaped copper end 
connections were wound as coils and cut into four parts. The individual parts and 
the rectangular strips for the slots were fitted in a template and welded together. 
The finished half-turns were checked on the template, where they were formed to 
their final shape. When the inter-turn insulation had been applied, they were insert- 


ed into the rotor slots and welded together. 


} 
SSL SONS 


FIG. 3. Section through teeth and slot wedges a-gas in let 


zone; b-gas outlet zone 


The slot insulation was made of glass-textolite. The forming and stoving pro- 
cess of the coils did not take long, although the insertion and matching of the turns 
was very difficult. The machining of the rotor surface was not very difficult, since 
the gas inlet and outlet openings were not in the teeth, but in the slot wedges. In 
future it is proposed to use pressure cast wedges of a light and strong alloy. This 
will enable suitable shaped openings to be obtained with a satisfactory surface 


finish without further processing. 


Owing to the fact that the rotor end connector is a hollow bar and is deeper 
than in a normal design, the total number of turns per pole is smaller, and the ex- 
citing current is correspondingly increased. If the exciting current on load in an 
ordinary turbogenerator rotor of 30 MW rating is 470-490 A, the corresponding cur- 
rent in the experimental rotor with direct-cooled conductors is about 1500 A. This 
required the rotor brush gear and slip rings to be correspondingly larger. The width 
of the brush contact surface of the slip rings was doubled in comparison with the 
normal design (cuts of worm wheel shape being also made in their middle parts), 
with a view to improving the cooling of the rings. The contact area between the cur- 
rent carrying studs and the slip rings, and the slip ring lead in the rotor bore were 


also enlarged. 


The generator in which the experimental rotor was tested was provided with a 


new excitation system. A direct driven synchronous high-frequency generator sup- 


plied to a system of semi-conductor rectifiers, the rectified current being supplied 


to the rotor slip rings. The new excitation system is now being subjected to tuning- 


up an d service tests. 
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Turbogenerator rotor with direct cooling of the winding conductors 


The new design of rotor is mechanically stiffer than a normal rotor for the same 
turbogenerator. This is due to the reduction in weight of the rotor winding owing to 
the internal cooling of the conductors, and to the reduced over-hang of the end con- 
nectors resulting from reduced inter-coil spacing and solid packing of the end 
turns. In the new design it was possible to increase slightly the diameter of the 
rotor shaft under the end connectors and as a result, the deflection of the rotor 


shaft is reduced, thus relieving the stresses in the bearings. 


Assembly and Operation 


In recent years, sufficient data on the operation of turbogenerators with a 
hydrogen pressure of 0.05-0.1 atm gauge have become available. There are, further- 
more, some operational results available at still higher pressures. For example, 
as early as 1953 tests were carried out on a set of 30 MW rating with special 
radial seals for operation at a gas pressure of 0.5 atm. Continued operating ex- 


perience enables us to conclude that this type of seal is the most convenient and 


would make it possible to raise the gas pressure to 2-3 atm. 


¥ During a long period of opera- 
tion it was also found that the oil 
pressure on the seals must exceed 
the gas pressure in the machine by 
not less than 0.3 atm. At a gas 


pressure of 0.05 atm the impellar- 


type oil pump of the turbine, pro- 


ducing an oil pressure of 0.3-0.35 


atm at the seals, assures normal 
Pressure operation of the unit. When the gas 


FIG. 4. Relationship between hydrogen leak pressure is raised, it is necessary 


age per day and pressure. 
, . to adjust the oil pumps, which must 


run continuously. 


On the generator considered, two oil pumps were provided, viz. the working 
pump and a stand by pump, with a hegd of 3.5 atm gauge. The stand-by pump is 
automatically started when the oil supply to the sealing bearings fails or if the 


oil pressure falls below a pre-set value. 


lo improve the performance of the oil seals the rotor shaft has a conical 
part immediately behind the seal to prevent the oil from creeping along the shaft. 
After a period of operation of the generator in air, an inspection was carried out in 
which complete absence of oil on the surface of the shaft behind the seals was 
established. It should be noted that if the temperature of the sealing bearings was 
previously found to be of the order of 50-57°C.. this was reduced by the new de- 


sign to 45- 46°. 


Before the installation of the experimental rotor designed to work at a hydro- 
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Turbogenerator rotor with direct cooling of the winding conductors 


gen pressure of 2 atm gauge, the stator of the machine was tested by compressed 
air at a pressure of 3 atm gauge. Points of gas leakage were carefully observed 
and removed by scaling the individual micro-cracks by welding. This considerably 
reduced the gas leakage from the generator during operation. It is recommended 
that in future compressed air tests on stators should be carried out in the works, 
as this results in a considerable improvement in the quality of the machines de- 
livered and also facilitates and accelerates the change-over of newly erected 


generators to hydrogen cooling. 
The operation of the 


pressures required a number 


of alternations in the gas 


| | generator at higher hydrogen 
| 


circuit to be carried out. In 


particular, the design be- 


D 16 D 25 D 35 
Days 


Pressure 


> 


from the hydrogen panel and 
of erected separately. A new 


turbogenerator. system of sutomatic hydrogen 


supply was also installed. 


Sustained operation of the set on full load at a hydrogen pressure of 0.05 atm 
gauge showed that the hydrogen leakage was of the order of 0.10-0.12 m* per day. 
When the gas pressure is raised, the gas leakage increases considerably (Fig. 4). 
Since an analysis of the gas sampled from the oil detraining pipe does.not reveal 
any changes of its composition at various gas pressures, we must assume that the 
leakage is not confined to the seals, but also finds its way through leaks in the 


casing of the machine. 


At pressures of 0.5-2 atm gauge the purity of the hydrogen hardly varies at 


all and keeps within limits of 95.7-95.3 per cent. 


The quality of the hermetic sealing of the machine is indicated by Fig. 5, 
which shows that in a period of 40 days the gas pressure fell from 2 to 0.5 atm 
gauge in the running machine in the complete absence of a further supply (topping 
up). During these tests the relationship between the oil consumption of the seals 


and pressure was established (Fig. 6). 


Results of the Thermal Tests 


Fig. 7a shows that when the temperature rise of the rotor copper is 105°C., 
i.e. the maximum permissible temperature rise of insulation of class VS, a 


rotor with surface cooling by air may be loaded to 420A (curve 1). If, however, 
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Turbogene rator rotor with direct « ooling of the win ling conductor: 


the load of the generator is 30 VW and the power factor O.8, the exciting current 


will be 490A and the temperature rise of the copper will be about 140° 


The direct cooled rotor running in air and with an exciting current of 1450A, 
< orresponding to the same ad of 30 VB, | s temperature rise of 62.5°C. (curve 
Fig. Tb) i.¢ ynly the figure ppiving to surfa e 
therefore. that even with air cooling the new re issures rel ful rutput 
of the generator The test results obtained on the r rowed th * hydrogen 
pressure is not increased, the temperature rise py ul } ited con- 
litions of peration will also be 15 per cent if the value obtaining for surface 


cooling by hydrogen (curves 2 and 4 of Fig. 7) 


If. however, the hydrogen pressure is n -mperature rise of the 
ypper under the rated operating ynd n ni | pe f } te perature 


rise for surf ac e cooling Dy hy 


If we keep the temperature of the « mppe } previous lev el, the maximun 
rotor current could be increased by a factor .5. However, since the insulation 
of the rotor winding and, particularly, the inter-turn insulation of direct cooled 
conductors works under more severe conditions, it is pre feral le to maintain the 
average temperature of the winding at a slightly lower level with a view to reduc- 
ing the thermal! leformation of the turns. This is partic ularly important from the 
viewpoint of the reliable operation ofa generator un ler conditions of repeated 
shorttime overloads and forced excitation on short-circuits. The increased current 
density in the rotor winding (approximately louble the usual value) causes con- 
siderable short-time temperature rises which must not impair the dielectric strength 


of the inter turn insulation. 


Assuming the average temperature rise of the copper, measured by the re- 


sistance method, as equal to 65-70°U., we can obtain with the same dimensions 


of the active part of the rotor a total rotor current 2.0-2.2 times higher than with 
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Turbogenerator rotor with direct cooling of the winding conductors 


Rotor current (A) 


Rotor current 


Temperature rise of rotor winding above ambient 
temperature 

a) rotor with surface cooling; b) rotor with 
voled winding. 


yling; 2) hydrogen cooling, p 


5) id., p 2? atm gauge. 


surface cooling of the winding. The possible increase of the exciting current vs. 


hydrogen pressure is plotted in Fig. 8. 


CONCLUSIONS 


|. The experience gained in manufacture and the results of thermal tests on the 
experimental rotor designed by the “Elektrosila” Works permit us to expect that 
this method of direct cooling of the rotor conductors may be used in the design of 


turbogenerators rated at 200 to 300 MW. 


». The calculations show that the utilization of the materials in a turbogenerator 
with a rotor of the new design and a conventional stator is improved on an average 
by 60 per cent as against the most fully utilised machines of normal design. Also, 
the operating temperature of the rotor winding is then not more than 80 per cent of 


the permissible temperature for the rotor insulation with the usual cooling system. 


}. The new design of rotor winding may be used successfully for hydrogen cooled 


turbogenerators of 30-150 MW rating; this means that though the main operational 


parameters of the machine are unchanged, its weight and dimensions can be reduc- 


ed by 30-35 per cent against those of existing machines. This is a considerable 
advantage from the point of view of reducing the production costs of generators. 


and also to facilitate transport and installation. 
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Turbogenerator rotor with direct cooling of the winding conductors 


4. The manufacturing processes for the new design of rotor winding are undoubt- 
edly more difficult than those of the conventional machine. However, if the tech- 
nique is appropriately developed and carried out with the use of special, but not 
referred to unit output of the machine, may not on the whole be greater than with 


the present design. 


5. For generators working at higher hydrogen pressure the use of shaft seals of a 
special type is recommended. 


6. The stators of hydrogen cooled turbogenerators should be tested in the works 
with compressed air. 
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FIG.8. Rotor ampere-turns vs. 
hydrogen pressure for various 
methods of cooling rotor wind- 


ing. 
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HIGH- VOLTAGE AUTO- TRANSFORMERS * 


\.G. KRAIZ 


(Received 17 January 1957) 


The present communication considers some characteristic features of the operation 
and design of H.V. auto-transformers. The basic circuit diagram of an auto -trans- 
former is shown in Fig. 1. The H.V. winding and the V.V. winding are taken conven- 


tionally as the series and the common windings, respectively. 


958 


Conditions of operation of auto-transformers 


The most important conditions of operation are the following: 
a) Operating conditions H.V.-M.V.andM.V. - 
1s H.V. This case refers to pure auto-transformer 
operation. A step-down auto-transformer with 
‘ H.V. and V..V. windings arranged in series will, 
as as a rule, deliver to the load its full rated kVA. 


a 


With a step-up auto-transformer having the L.V. 


winding placed between the H.V. and M.V. 


z 
windings it is sometimes necessary to limit out- 


put below the auto-transformer rating, to avoid 


an excessibely additional iron loss due to mag- 
netic flux leakage. The short-circuit loss will 
under these conditions be 60-70 per cent of the 


maximum loss. 


b) Operating conditions H.V.-L.V. and L.V.- 


/1.V. Under these conditions the machine oper- 


) An ates as a pure transformer and the output kVA 
oe ' is equal to the kVA rating of the L.V. winding. 
FIG. 1. Basic diagram of an The short-circuit loss is about 55 per cent of 
auto-transformer. a) schematic : 
the maximum loss. 

arrangement of windings; b) ac- 
tual arrangement of windings, c) Operating conditions M.V.-L.V. and L.V.- 
_ ° oe at end of winding; VV. Operation as a pure transformer with out- 
c) actual arrangement of 

= put kVA equal to the rated kVA of the L.V. 


ings, M.V. bushing at m id- 


winding. The short-circuit loss is 45-55 per 
cent of the maximum loss (for a step-down auto- 


point of winding. 1-H.V. wind- 


ing; 2-M.V. winding- 3-L.V. 
winding. 


* Elektrichestvo No. 6, 39 — 44, 1957[ Reprint Order No. EL 28]. 
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High-voltage auto-transformers 


transformer). 


d) Combined trans former-auto-transformer operation H.V.-V.V. simultaneously 
with L.V.-H.V. Under these conditions there is the greatest short-circuit loss. The 
maximum permissible load is limited by the current in the H.V. winding which 
should not exceed the rated current lin’ If the load on the LV. side is ‘, 0, the 
machine operates as 4a pure suto-transformer (conditions H.V.-V.LV. and V.V.-H.V.). 
If ‘, increases, there should be a corresponding dec rease of S; on the M.V. side to 


avoid overloading the H.V. winding.* 


lo determine the permissible loads Fe and Sa for different values of the power 
factor, let us consider the current vector diagram of an auto-transformer operating 


2a). Also, let us as- 


under combined conditions and supplied on the H.V. side (Fig. 

sume that the rated current /}, flows in the H.V. winding, i.e. that the auto-trans- 

former is being supplied with (or supplies) on the H.V. side its rated kVA. On this 

vector diagram /, = /,/k,, and /; = /, /k,, represent currents referred to the H.V. side; 
{ ln ( 2, 18 the transforn ition ratio between the H.V. and MLV. sides and 


5 


{ In { 3, 1s the ratio between the H.V. and L.V. sides. 


I rom the vector diagram it follows that 
/ ce S(? 


Multiplying (1) by .)?, we get an expression for kVA loads. 


Dividing both sides of (2) by S},. we get an equation relating the relative loads (i.e. 
ln 


loads expressed as fractions of rated output of the auto-transformer) S, = S, /S, and 


COs (>. (3) 
Ky the use of this equation it is possible to determine the permissible loads on 
the V.V. and L.V. sides for different values of the power factors cos ©, and cos @y. 


Fig. 3 gives curves plotted from (3) for cos 4, = 1 and cos d, varving between 0 to 1. 


As stated above (3) and the curves of Fig. 3 were obtained for the condition of 
full-load on the H.V. winding i.e. for /, lh, It is of interest also to determine for 
this case the current ly passing through the common part of the auto-transformer 
win ling (the VV. win ling) Let /. vi ly ly n denote the relative magnitude of 
this current referred to the rated current of the V.V. winding, /yy, = /), (4,,- UD. It 


is not difficult to obtain an expression for the current /+yy from the vector diagram. 


12 COS (2 ~ Pg). (4) 


2, (4) assumes the following form 
Fig. 4 shows curves plotted from (5). These curves represent the current in the VV. 


* All quantities referring to the H.V., M.V., and L.V. sides will be denoted by subscripts 1,2 


and 3, respectively. 
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High-voltage auto-transformers 


winding at cos , = | for different values of cos ¢, and for different loads on the 
L..V. winding. In the particular case when the loads on the M.V. and L.V. sides are 
non-reactive, and with the L.V. winding fully loaded (s, = 0.5), le yy = (), i.e. al- 
though the V.V. winding supplies in this case a load equal to one-half of the rated 


output of the auto-transformer, it does not carry any current. 


vi 


FIG. 2. Vector diagrams of the auto- 


transformer. a) Conditions H.V. - 
M.V. simultaneously with H.V.-L.V. 
b) Conditions M.V.-H.V. simultane- 

ously with M.V.-L.V. 0 oF 02 a3 


FIG. 3. Curves of permissible loads s, and s, 


for an auto-transformer operating under con- 
ditions H.V.-M.V. simultaneously with H.V.- 
Ve 


e) Combined transformer-auto-trans former 
operation H.V.-M.V. simultaneously with L.V.- 
V.V.. or V.V.-H.V. simultaneously with M.V.- 
L..V. Under these conditions the greatest input 
or output kVA on the M.V. side are limited by 
the current /yy. Let us assume that the V.V. 
winding is fully loaded, i.e. the current carried 


by it is 
lyv=! 


“w h ere 


| 
=]- is the auto-transformer transforma- 
12 


tion co-ratio, or the capacity coefficient. 


The case when the V.V. winding isthe primary 


is represented by the vector diagram of Fig. 2b. 


FIG. 4. Relative current in M.V. winding against L.V. 
winding load. Conditions of operation H.V.-M.V. simul- 
taneously with H.V.-L.V. 
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High-voltage auto-transformers 


According to this diagram the rated current of the V.V. winding is 


lyy, =V ky I, cos (9, — 
where F 
and I, = 

From (7) we get after simple transformations 
and using the expressions for the relative loads, 
and s, “<= 

n 


n 
,\ Si Ss 


This equation enables for the operating con- 


ditions considered the permissible loads s, and 
s, of the primary and tertiary windings to be deter- 
mined, if the corresponding power factors are 


known. 


Equation (8) takes the following form if 4, 
(for 220/110 kV auto-transformers ). 
s, + 4s, + 45,8, cos (9, — 9) =! (9) 
Using (9) the graphs of Fig. 5 were constructed 


for cos , = | and for different values of cos oy. 


Voltage regulation 


On-load voltage regulation by means of a 
boosting unit connected between the common 
neutral point of the H.V. and V.V. windings and 
earth is provided nowadays for auto-transformers 


of home production (Fig. 6). This type of con- 


a3 as Q5 struction results in “tied® voltage regulation in 
FIG. 5S. Curves of permissible loads these windings since the e.m.f. of the series 
s, and s, for auto-transformer opera- transformer adds to the e.m.{’s of both the H.V. 
ting under conditions M.V.-H.V. aod VV. windings at the same time. 
simultaneously with V.V.-L.Vv. 
Using the diagram of Fig. 6, let us find the re- 


lation between the additional e.m.f. and the primary and secondary voltages for a step- 
down auto-transformer. 


Fudd (10) 


Expressing the voltages and the additional ¢.m.f. as percentages, viz., 


U, 
100° 2 100 
In “2a 


udd 
100% 


e,,° 
add 


we get 
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High-voltage auto-transformers 


Equation (11) allows us to determine the additional e.m.f. (in per cent of the 


rated H.V. winding voltage) for given values of u, and u,. Substituting into (11) for 


u;% = 100% = const, we get the additional e.m.f. necessary to maintain rated volt- 


age on the secondary of the auto-transformer when the voltage on the primary changes 


(under no-load conditions) 


Substituting u,% LOO*% const, we get the additional e.m.f. necessary to ob- 


tain a given secondary voltage while the primary voltage is kept at its rated value. 


Fig. 7. shows curves for both the above cases. It is seen that the idditional 


e.m.f. becomes greater as the transformation of the auto-transformer, 4,,, decreases. 


The coefficients &,, and k, used 


i ‘ f ie above are collected in Table 1, for 


various auto-+ransformer standard volt- 


age ratings. 


rABLE 1. 


| 0 267 
| 22 1.47 0 32 
| 400/220 | | a2 0,45 
2 if) 2 00 | 0.50 
i 44M 50 > 67 0 63 

I 
3 110.35 314 | 0,68 


400/110 0,73 


The system of voltage regulation by 


means of a boosting unit connec ted to 


: the neutral point of the auto-transformer 


leads in some cases to over-excitation 


FIG. 6. Circuit diagram of auto-transformer 
with boosting unit connected to the common of the latter, in others to under-e xc ita- 


neutral point ofthe H.V. and M.V. windings. tion. \uto-transformer over-excitation 


» 


l-main auto-transformer; 2- regulating auto- 


expressed in absolute values is given 


transformer; 3- series auto-transformer. 
by AF) =F, -Fin 
or in percentage values \e,% 7 100%. 
In 
The percentage excitation can be calculated using the following formala 
de, X= = (4, »— — 100, (12) 


/ 
Fig. 8 gives curves constructed from (12). The curves show auto-tfansformer 


excitation for various values of &,, and for various differences between the applied 


primary voltage on the H.V. side and the rated voltage. 


For example, if a voltage of 242 kV (u,% = 110%) is applied to the H.V. winding 


220 
of the 220/110 kV auto-teansformer (4,, = 110 7 2: ke = 0.5), the overexcitation is 


100 


100 20% 


/ 


j 
\ 110 


which would lead to an excessive increase in the no-load loss and current. 
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FIG. 7. Additional e.m.f{. against voltage on the H.V. 


and M.V. sides. Continuous lines - Cadd* 
u,% 100% const. Broken lines - 


100% const, 
When tappings are provided on the H.V. winding, overexcitation can be reduced 


by setting the tap-changing switch to the maximum voltage position. In this case 


(12) becomes: 
0 100. (13) 


where € is the ratio of the maximum to normal transformation ratio; 
Thus, with regulation stages ¢ 2 x 2.5 per cent on the H.V. winding and with the 
tap-changing switch in the + 5 per cent position, the overexcitation in the last ex- 


ample becomes: 
which can be regarded as permissible for auto-transformers. 
Fig. 8 gives auto-transformer no-load excitation for various values of u,% when 
the rated voltage is applied to the H.V. side. 


Abnormal excitation of auto-transformers leads to a corresponding deviation of the 
e.m.f{. F, and the voltage !’, of the tertiary winding from their rated values. This de- 


viation, ex oressed as a percentage, is 


U, 
Au,*/, "100° 
JA 


and is numerically equal to the auto-transformer over-excitation: Ad, % 
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High-voltage auto-transformers 


FIG. 8. Auto-transformer overexcitation A¢,% and the 
deviation of the tertiary voltage from the rated volt- 
age, Au,% against the voltage on the H.V. or M.V. 
side (for “tied” regulation). 

Continuous lines - Ae,% = Auy% = flu%) 


for u,% = 100% = const. 


Thus, from (12) and 
(13) and the graphs of 
Fig. 8 we can also deter- 
mine the deviation of the 
tertiary voltage from its 


rated value. 


An examination of Fig. 
8 reveals yet another 
shortcoming of the “tied” 
regulation. If the voltage 
u,% on the V.V. side is 
increased while keeping 
100%, the 
voltage on the L.V. 


u,% = const 


side drops ( \u,% is nega- 


tive). 


If, however, u,% = 100% 
is kept constant, the vol- 
tage on the L.V. side 
varies as the applied vol- 


tage u, changes. 


Broken lines - Ae,% = Aus% = 
for «,% = 100% = const. The drawbacks of the 
“tied” regulation can be 
avoided by connecting the 
boosting unit in the H.V. or M.V. line, or between the common and the series wind- 
ings of the auto-transformer. Such systems are not entirely free from disadvantages 


either. These, however, cannot be discussed here because of lack of space. 


It may be stated that the best solution to the problem of voltage regulation is to 
insert the regulating equipment always in the main auto-transformer provided that this 


is possible from considerations of transport requirements. 


Surge phenomena in auto-transfomers 


The differences in the surge behaviour of transformers and auto-transformers are 
due to the fact that there is a direct electrical connexion between the H.V. and M.V. 
windings. 

\ surge can impinge on the H.V. winding either from the side of its line end (end 
A, Fig. 1) or from the opposite side - the M.V. line (end Am, Fig. 1). In both cases 
the initial (capacitive) voltage distribution along the H.V. winding (the steepness of 
which determines the amplitude of the following oscillations) is different since it de- 
pends on the ratio of the series (coil-to-coil) to shunt (coil-to-earth) capacitances. 
The least steepness of the curve of the initial voltage distribution occurs when the 
wave enters the winding at the line end A. Thus, the effect of surges on auto-trans- 


formers should be considered for the above two cases. 
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In Table 2 a comparison is made between the voltages on line terminals of 
windings for 220/110/11 kV step-down and step-up transformers and auto-transformers 
impulsed with the 1.5/40 psec full wave. The data shows that with the impulse app- 
lied to the terminal 4 (220 kV) the voltage on the terminal 4m (110 kV) is 0.25 x 945 = 
236 k\ mar max 
transformers, the full-wave impulse voltage test level being only 480 |) for the 
110 kV insulation class (945 k\ for the 220 kV class). 


for step-down transformers and 0.68 »* 945 644 k\ for step-down auto- 


mat 
With the impulse applied 
to 4» (LILO kV) we get, cor- 
TABI E 2. Impulse voltage app- Impulse voltage respondingly LI 
lied to terminal 4 applied to 61 k\ max for transformers 
terminal 4, and 2.19 x 480 = 1050 k Vmax 
for auto-transformers which 
ilso exceeds the full-wave 
impulse test level for 220k\ 


insulation class (945 ). 
Transformer 


a) step-down lo prevent breakdown of 
b) step-up 

@) step-down 100 b44 under surges, the lI.V. and 

step-up M.V. line terminals should 

be protected by V ilve-type 

surge diverters of appropriate 


ratings regardless of whether the auto-transformer is connected to the line or not. 


Table 3 shows the effects of surges on the series insulation of transformers and 
auto-transformers. It is seen that the maximum gradients in the oil ducts between 


coils are approximately the same for transformers and auto-transformers when tested 


with either full or chopped waves. The exception is only the region of the tap changer 


where the gradient between the adjacent tappings is considerably greater for auto- 
transformers than for transformers. This is due to the fact that with the same percen- 
tage regulation the fraction of the number of disconnected turns to the number of 
turns in the H.V. winding (the series part) is twice as high for auto-transformers (with 
ky, = 2) than for transformers. 


TABLE 3. 
The overvoltages which 
Full wave, 1.5/40 sec 
appear on the tertiary wind- 


Maximum Meximum . ing due to impulse stressing 
recdien redie 
r=2-3psec of the H.V. and V.V. wind- 
in one oil in the tap 
duct changer region ings, are induced in it elec- 
trostatically and electromag- 
Transformer , 19.5 18 netically, i.e. in the same 


Auto-transformer i4 i4 manner as in transformers. 


Condition of the neutral point 


High-voltage auto-transformers of home produce cannet be operated with the 
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neutral point disconnected from earth. This will be made clear from the following con- 
sideration. In a system with effectively earthed neutral point the voltage on the un- 
earthed neutral of a transformer or an auto-transformer rises during one-phase-to-earth 
fault to a value given by Xo 

Un9 =—— —Uph 1, (14) 


x, +X, + F 


where x,, x, and x, are positive-, negative-, and zero-sequence reactances. 


x 
Assuming x, = x, and substituting a =—* and 8 =- we get 


U,o= 


(15) 
where l, and ph, are the line and phase voltages of the H.V. winding respectively. 


3 


At the same time the voltage of the sound phases is 
(16) 
while the voltage at the line terminals of the V.V. winding of the auto-transformer is 

v3] Ry | (17) 


Taking, for example, the 220 kV voltage class and assuming a = 4 and 8 => j= 0.67 


“ 


we see that during one-phase-to-earth fault the voltage on the neutral and the voltage 
on the H.V. line terminal will not exceed the permissible levels of the respective 
surge diverters RVS- and RVS-220¢are,, while the voltage on the LIO kV 
M.V. line terminal will rise to Uy = 141.5 kV and will therefore exceed the permiss- 


ible voltage for the RVS-110,..,., surge diverter by 47 per cent. 


This explains the necessity of earthing the neutral points of 220/110 kV auto- 
transformers, since the insulation of their V.V. windings is coordinated with the pro- 
tective characteristics of the RVS-110¢a-;, surge diverter. 

Construction 

The constructional design of high-voltage auto-transformers is basically the same 
as that of transformers for the same voltage class. The characteristic differences are 
formed in the design of the connexions to the winding ends (the external connexions 
between windings and between windings and bushings). Also, there are some differ- 
ences regarding connexions to the ends of the internal windings and regarding some 
main clearances. Fig. 9 shows a possible method of arranging the windings for the 
220/110/6-10 kV step-down auto-transformer with the H.V. bushing connected to 
mid-point of the H.V. winding. This figure shows that the upper end of the V.V. wind- 
ing (neutral X) is brought out and so has to be insulated against earth, L.V. winding, 
and one end of the H.V. winding. On the other hand, construction of the lower part of 
the auto-transformer is considerably simplified on account of the electrical connexion 
between the H.V. and V.V. windings since their common point A», can be brought 
out directly from the H.V. winding. In the case of a transformer with separate wind- 
ings, the construction of the connexion to the lower end of the M.V. windings would 


be the same as that to the upper end. 


Also, the existence of the electrical connexion between windings in an auto- 


transformer makes it possible to reduce the end clearances since, in this case, the 
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electric field configuration is more favourable. 


For a step-up auto-transformer having its M.V. winding placed next to the core 
instead of between the H.\ and L.V. windings, the construction of the connexions 


to the ends of the V.V. winding is the same as that for a transformer. The number of 


high-voltage bushings in a single-phase auto-transformer is one less than that in a 


transformer. 


FIG. 9. Construction of 220/110/6- 10 kV 
auto-transformer. 1 - H.V. winding; 2 - 


winding; 3 - L.V. winding. 


ee 
: 
102 
i; 
ES: 
ey 
} 
= 
7 
{ 
‘ 
4 
= 
Pou 


A NEW AIR-BLAST CIRCUIT BREAKER FOR 220 kV, 7000 MVA* 
SMIRNOVA 


(Received 24 December 1956) 


The All-Union Electrotechnical Institute “Lenin” has developed an experimental 
air-blast circuit breaker rated 220 kV /7000 MVA (Fig. 1), which is an improve- 
ment on the 5000 MVA circuit breaker as manufactured at present by the elec- 
trical industry. 


; FIG. 1. One phase of the 220 kV, 7000 
MVA air-blast circuit breaker. 


a compressed air tank; 
column of support-insulators; 


column of pin-insulators; 
- arc chamber; 
voltage divider; 
pneumatic drive of the isolator; 


control cubicle. 


Design of the circuit breaker 


Three porcelain tubes are arranged inside the supporting insulate of the 
breaker; one of 120 mm diameter, leads the compressed air to the arc chamber 


* Elektrichestvo No. 6, 48-50, 1957 [Reprint Order No. EL 29]. 
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A new air-blast circuit breaker for 220 kV, 7000 MVA 


and the two others. of > mm diameter, supply the compressed air to the drive of 


the isolator. The arc chamber is mounted on the drive of the isolator and con- 


siatea of four identix ai ciements,. eac h of which contains a hollow porcelain in- 


sulator, a fixed and a mov ing contact with the pneumatic mex haniam. Both fixed 


and moving contacts are hollow and communicate with the exhaust ducts of the 


flanges 


\ voltage livider msisting of four netal resistors conne < ted in parallel 


to the elements of the a er is arranged beside the arc chamber. The total 


resistance of the volt age divider is 720.000 ohma 


The isolator drive is connected with a mechaniam of switching block con- 


tacts with porcelain rods. Two insulator columns support the contact of the 


isolator, each of the columns consisting of insulators type IShD -~35 


} or remote and automatix peration e¢ac h of the phases of the c irc uit 


breaker is equi wd with tw cliectromagnets Three-phase operation can be 


achieved by either series or parallel connexion of the three magnets for which 


1958 


two different sets of coils are used. For manual operation a special pneumatic 


device is provided whose control buttons are arranged in a control cubicle. In 


this case the phase cannot be o erated individually 


To prevent freezing of the air ducts in the insulators continuous air ciw- 


culation is provided by means of special reduction valves in the control cubicle 


Fach phase of the circuit breaker is provided with an indicator. showing the 


state of the ventilation. The control cubicle also contains contact pressure 


gauges whict interrupt the operating circuits at inadmissible losses of pres- 


sure in the air tanks 


The operating columns of the circuit breaker does not differ from that of 


the air-blast circuit breaker for 290 kV. 5000 MVA®* 


Principal characteristics of the circuit breaker 


Rated voltage 220 kV 
Rated current LOOO A 
Rated breaking current IR.AKA 
Rated breaking capacity, allowing for rapid reclosing 7000 MIVA 


Max “through” short-circuit current, 


amplitude 65 kA 

r.m.s. value SAKA 
Thermal short-circuit rating (10 seconds) 15 kA 
Voltage rating of the operating magnets 290 V dic 


O.V.V. Afanas*ev and N.A. Makarova; Air-blast circuit breaker 220 kV. 1000 A. 
5000 MVA. A Union Electrotechnical Institute No. 6 (1954) 


’ These values have been obtained experimentally at the All Union F] Institute. The 


*Elektroapparat® Works recommend 55 and 32 kA, respectively 
PF 


4 
a 
: 
F 
° 
| 


air-blast circuit breaker for 220 kV, 7000 MVA 


Permissible limits of voltage variations on the operating 

magnets 65 — 120 per cent 
Opening time (from instant of giving the tripping signal 

to inception of contact separation) not more than 0.06 sec 
Max. arc-duration 0.02 sec 
Total-break-time (from instant of giving the tripping 

signal to final arc extinction) not more than 0.08 sec. 
Making time (from “On” signal to the moment of making 

contact with the fixed contact of the isolator) not more than 0.45 sec. 
Duration of the contactless interval of the arc chamber 

(from opening to closing of the contact) 0.25 — 0.35 sec. 
Time from signal to separation of the isolator from 

the fixed contact 0.14 sec. 
Max. velocity of the movement of the contact knife 

of the isolator during making and breaking } — 22 m/sec 
Rated air pressure 20 atm 
Max. permissible air pressure in the tanks 21 atm 
Min. air pressure at which the capacity of the circuit 

breaker is not reduced 18 atm 
Capacity of the basic storage tank of one phase 1214 litres 


Capacity of the additional storage tank of one phase 1214 litres 


Pressure drop in the tanks during breaking 5 — 2.5 atm* 

Air consumption for one breaking operation 5500 — 6100 ltr.’ 
Air consumption for one making operation about 400 litres 
Pressure drop with automatic reclosing followed 

by breaking 41 — 4.5 atm 

Air consumption for automatic reclosing 9700 — 10,900 ltr 
Air consumption for ventilation 900 ltr /hr 
Weight of one phase appr. 6000 ke. 


Weight of control cubicle appr. 350 ke. 
Results of circuit breaker duty tests 


Mechanical tests consisting of 1000 making and breaking operations were 
carried out with 4 pressure of 20 atm. In addition, 25 duty cycles were carried 
out at a pressure of 2] atm and 25 cycles at 15 atm. Inspection of the individual 
part and of the assembly of the circuit-breaker after the mechanical tests showed 
that its main elements were in good condition and that the circuit-breaker remain- 
ed in fall working order. The mechanical characteristics are shown in Fig. 2. 


The tests showed that the voltage distribution on the arc chambers is as 


* The magnitude of the pressure drop shown takes account of the installation of the 
additional storage tanks. 

' The figures for air consumption are given for one phase and refer to atmospheri 
pressure 
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A new air-blast circuit breaker for 220 kV, 7000 MVA 


FIG. 2. Mechanica! characteristics of 

the breaking operation. 

Pressure in the tank 20 atm. 

v — linear velocity of the knife end; 

t —moment of separation of the 
knife from the isolator contact 

t moment of making contact in the 
arc chamber. 


sec 


follows: The first (bottom) element takes 24 per cent of the total voltage, the 
second 23.6 per cent, the third 22.9 per cent and the fourth 29.5 per cent. This 
sufficiently uniform distribution of the voltage enables tests of the breaking 


capacity to be carried out on individual elements. 


The rated voltage for each circuit-breaker element is 45kV,.4,. The magni- 
tude of the test voltage is determined by the conditions of a three-phase short- 


circuit and equals 1.5 x rated voltage, i.e. 67.5 kV max- 


For the test of the circuit-breaker with interruption of 50 per cent of its 


interruption capacity (Fig. 3) the amplitude factor of the restriking voltage was 
assumed to be 1.6, i.e. the magnitude of the restriking voltage at one breaker 
element must be 108 kV,,,,. The frequency of the natural oscillations of the 


restriking voltage was assumed to be 2000 c/s. 


FIG. 3. Oscillogram obtained during breaking of 50 per cent 
of the breaking capacity of the breaker; p = 18 atm. 
1 — arc voltage drop (duration of the arc 0.0138 sec) 
2 — restriking voltage (frequency 2000 c/s. 


The tests consisted of the check of the interruption capacity of each indi- 
vidual breaker element. An oscillatory circuit was used as the current source, 
but the restriking voltage was obtained from a surge voltage generator. These 
tests showed that with a pressure in the tank of 17 — 18 atm each element easily 
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A new air-blast circuit breaker for 220 kV, 7000 MVA 


performed its duty of the interruption of 50 per cent of the breaker capacity with 
a value of the restriking voltage of 110 — 130 kV nax- The average rate of rise 


of the restriking voltage was 1.65 — 1.81 kV/p sec. 


During the tests it was found that with a tank pressure of 16 atm sometimes 


restriking occurred at a voltage of the order of 90 — 100 kV .ax- In order to 


achieve the neceasary electric strength, i.e. 108 kV,,,,, it proved to be essen- 
tial to raise the preasure in the storage tanks to 17 — 18 atm. Hence follows that 
auxiliary storage tanke of the same size as the main tanks are required if reclos- 


ing is to be provided. 


For interruption of 100 per cent of the rated interruption capacity (Fig. 4) 
the amplitude factor of the restriking voltage was assumed to be 1.2, i.e. the res- 
triking voltage on each breaker element must be 80.5 kV,,,,. The frequency of 
the natural oscillations of the restriking voltage was assumed to be 400 c/s. 


" 


. Oscillogram taken during breaking of 100 per cent of the 
interruption capacity of the breaker; p = 16 atm. 

1 — arc voltage drop (duration of the arc 0.0135 sec) 

2 — restriking voltage (frequency 400 c/s). 


The tests showed that with a tank pressure of 16 atm the breaker interrupts 
100 per cent of its capacity with an amplitude of the restriking voltage of 83 — 
90 kV and an average rate of rise of the restriking voltage of 0.3 — 0.35 kV/p 


sec. 


Tests were also made with respect to the interruption of capacitive current. 
The breaker interrupts a distributed capacitance of 3.24 F (corresponding to a 
line of 100 km length) with a voltage across one element of 2 x 1.3 x 45 = 117 
kV wax (the coefficient 1.3 takes into account the increase of the voltage on the 
two unfaulted phases during line-earth fault with restriking arc and also the 


increase of the voltage at the end of a line). 


The trials proved that the three lower breaker elements successfully inter- 
rupted this capacitive current with a pressure of the storage tanks of 16 atm. 
For the fourth element (the top one) it has been necessary to raise the pressure 
to 18 atm. 
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A METHOD FOR THERMAL CALCULATIONS OF MINING 
COMBINE MOTORS * 


G.1. PERTSOV 


(Received 10 December 1956) 


Mining combines are driven by enclosed induction motors with squirrel-cage rotors. 


The main design features of the frames of these motors are shown in Figs. 1 and 


The motor represented in Fig.1 has a frame with cooling fins with internal 
air circulation; Fig. 2 shows a motor with a frame with cooling fins with internal 
air circulation and external blower-cooling. 


Heat is generated in the motors in the stator winding, in the steel of stator 
and rotor, bars and short-circuiting rings of the rotor, in the internal fan and the 
sealed bearings. These parts of the machine are connected by thermal conducti- 


vities. 


The heat energy of the individual parts of the motor is dissipated into the 
surroundings not through one homogeneous surface, but through several surfaces 
presenting different conditions for the air-cooling. For this reason it is not per- 
missible to consider an electric machine for thermal calculation es a homoge- 
neous body of infinite thermal conductivity because calculations on this basis 


lead to considerable discrepancies between theoretical and experimental results. 


The results of calculations will be unsatisfactory also in the case that 
not the temperature rise of the whole machine, but only that of its winding is consi- 
dered and influences of other parts are only considered by some empirical co- 
efficients. These coefficients, found by experiment, apply only to a given motor 


and, strictly speaking, only to well-defined operating conditions of the machine. 


In thermal calculations based on the theory of the temperature rise of two 


homogeneous bodies, the heating processes of stator and rotor are considered 
indepenently of each other 


According to the thermal energy balance for steady operating conditions and 
for constant heat losses we may write down the following equations. 


* Elektrichestvo No. 6, 58-64, 1957 [Reprint Order No. EL 30). 
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Thermal calculations of mining combine motors 


+ — %) Ayo; 
Py = + — Ay, J 


where r, and r, are the temperature rises of the copper (body 1) and steel 


(body 2), above the temperature of the ambient medium; 
A, and A, are the thermal conductivities of bodies 1 and 2, respectively; 
A,, and A,, are the mutual thermal conductivities of the bodies 1 and 2, 


respectively. 
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FIG. 1. Enclosed induction motor with ribbed frame and internal ventilation. 


external forced ventilation. 
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Thermal calculations of mining combine motors 


An amount of thermal energy P?, or P, of the given bodies is expended 


(a) by transfer to the ambient medium; (b) by transfer to the other body. 


We get, therefore, a system of two linear equations. This explains the ef- 
forts of a number of authors to consider the heating-process of an electrical 
machine simplified as the temperature rise of two bodies. Experience has shown 
that the theory of the heating of two bodies yields satisfactory results in the 
case of a machine with a large air gap. However, in machines with a small air 


gap the thermal! interaction of stator and rotor becomes considerable. 


For this reason the theory of the heating of two bodies cannot be applied 
to induction motors. To take into account the influence of the rotor on the tem- 
perature rise of the stator windings B.P. Aparov suggested, on the basis of 
special investigations, to add to the losses in the stator copper 30 — 50 per 
cent of the losses in the rotor. The arbitrary addition to the copper losses of 
30—50 per cent of the rotor losses leads to an incorrect rating of the installed 
power of the motor, and for this reason .P. Aparov’s method of thermal cal- 


culation is not acceptable. 


Thermal calculations based on the theory of the heating-up of three homoge- 
neous bodies considered the temperature rise of the copper and stee! of stator 


and rotor (the rotor being regarded as a homogeneous body). 


According to the thermal energy balance for steady operating conditions 


and constant heat losses we may write down the following equations: 


+ 


- Ag + —* 


where r, and r, are the temperature rises of the copper (body 1), stator steel 


Pes 
(body 2) and rotor stee! (body 3) above the ambient temperature; 


A, A; and A, are the thermal conductivities of the bodies, 1, 2 and 3; 


Aya» Ay, and A,, are the mutual thermal conductivities of the bodies 1, 2 and 3. 


Amounts of thermal energy ?,, P, and P, of the three homogeneous bodies 
are expended 
(a) in transfer to the two other bodies; 


(b) in transfer to the ambient medium. 


lo the system of equations (2) corresponds a definite therma! equivalent 


circuit, represented in Fig. 3 


Our analysis showed that in thermal calculations the temperature rise of 
the stator winding practically does not change, if the heat flow from the rotor to 
the stator copper is ignored. This heat flow is considerably less than the heat 
flow from the rotor to the stator stee! owing to the negligible thermal conducti- 


vity of the air and the wedge in comparison with that of the steel. The effect of 
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Thermal calculations of mining combine motors 


Body 1 | 12 | Body 2 

Stator | | Steel of 
windings | the stator 


Body 3 


Rotor 


Cooling 


FIG. 3. 


the rotor on the temperature rise of the stator winding does not manifest itself 


directly, but through the thermal flux from the rotor to the stator steel. 


The stator steel is additionally heated by the losses in the rotor, owing to 
which the heat exchange from the stator copper to the steel deteriorates and, 


consequently, the copper temperature rises. These conditions are represented 


by the correct thermal equivalent circuit shown in Fig. 4, 


Stator e— Steel of 


windings | the stator | 


| 


Body 


Rotor 


Cooling air 


FIG. 4. 
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Thermal calculations of mining combine motors 


For the altered circuit we may write down the following equations in ac- 


cordance with the thermal energy balance 


The temperature 


follow ing expression 


where 


The thermal calculation based on the concept of three homogeneous bodies 
for some types of squirrel-cage induction motors results in satisfactory agree- 
ment with experimental data. As regards motors of the type used for mining com- 
bines, numerous tests and calculations have established that the temperature 


excess of the stator windings due to the losses in the stee! re presents 


(a) About 75 per cent of the total ten perature rise of the winding at the rated 


power for closed types of the motor without external forced cooling 


(Fig. 1); 


(b) About 50 per cent of the total temperature rise of the winding at the rated 
power for closed types of the motor with external fan-cooling 
(Fig. 2) 

Consequently, the temperature rise of the stator only due to the losses in 
the stator and rotor copper is of the order of 25 per cent for closed types without 
external forced cooling, and 50 per cent of the total temperature excess of the 
winding at the rated power for closed types with external forced cooling. When 
the temperature of the winding rises above the permissible value, for example, 
by 10 per cent, it is necessary for reducing this temperature to reduce the cop- 


per losses by 40 per cent for motor types without external cooling and by 20 


per cent for motor types with external forced cooling. The useful output of clos- 


ed motors of the type designed for mining combine motors varies, therefore, for 
a type without external forced cooling proportionately to the square of the varia- 
tion of the overall temperature, and for the types with external forced cooling, 


approximate ly ina linear manner 
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The thermal calculation based on the theory of three homogeneous bodies 
constitutes a considerable improvement in comparison with the theory of the 
temperature rise of two homogeneous bodies, and yet it cannot be recommended 
for motors for mining combines in which a considerable temperature rise of the 
stator winding occurs under no-load conditions owing to the constant losses. It 


is, in this case, necessary also to consider the following circumstances: 


1. The losses in the stator winding consist of the losses in the copper of 
the zone of the slots and of the copper losses in the end connexions of the 
winding. Depending on the system of cooling of the motor and on its operating 
conditions, the end-connexions of the winding may dissipate the heat liberated 
in them in the ambient medium. In addition to this, they may absorb part of the 
heat liberated in the winding in the zone of the slots or inversely, pass on to 
the winding in the slot zone part of the heat liberated in themselves. The 
theory of the temperature rise of three homogeneous bodies considers the stator 
winding as a homogeneous body having the same temperature with all its parts. 


2. The specific thermal fluxes in the stee! at the back and the teeth of the 
stator are inhomogeneous and, consequently, the temperatures of the teeth and 

the back of the stator will also be unequal. The theory of the temperature rise of 
three homogeneous bodies regards the stee! of the stator as a homogeneous body 


having all its parts at the same temperature. 


3. Sources of heat in the rotor are: the rotor steel, the aluminium of the 


slotted part of the rotor and the short-circuiting rings. All these parts of the 
rotor are not at the same temperature, wherefore, it cannot be regarded as a 


homogeneous body. 


4. In closed induction motors a fan is generally used for the internal circu- 
lation of the air. This internal fan is, on the one hand, a generator of heat, and 
on the other hand, responsible for the transfer of heat from the rotor to the frame 
and to the ambient medium. This fact is not considered by the equations of the 


temperature rise of three homogeneous bodies. 


The above considerations show that for determining the rating of motors of 
mining combines it is necessary to introduce into the thermal calculation based 
on the theory of the temperature rise of three homogeneous bodies the additions 


enumerated above sub | — 4. 


We suggest a branched thermal equivalent circuit, based on eight generators 
of heat, interconnected by finite thermal conductivities (Fig. 5). 


Heat is liberated: 


(a) in the copper of the winding in the slots; 

(b) in the copper and connexions of the winding; 
(c) the steel at the back of the stator; 

(d) the steel at the stator teeth; 
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(e) the rotor steel; 

(f) the aluminium of the slot part of the winding; 
(g) the short-circuiting rings of the rotor; 

(h) the internal fan (internal ventilation losses). 


internal 
ventilator 


Cooling air 


FIG. 5. 


To the branched thermal equivalent network represented in Fig. 5 corresponds 
the following system of equations: 


Py = — — Aras 

Py = (tq — — %) Ang; 

P, = (ty — %4) Agg + (ts — ts) 495 
(3 — Agi; 

Py (% 85) Ags 

= (ts — Asg + (%5 — ts) Ag + 
— %) Ase; 

Pg = (tq — ts) Ags + — 

Py = (ty — %) 476 (7 — Are 

Pg = (tq — %5) Ags + — + 
+ — Ago + 
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are the losses and temperature excess of the stator winding in 
the slots; 
and r, — the losses and temperature excess of the end-connexions of 
the stator winding; 
P, andr, — the losses and temperature excess of the steel at the stator 
teeth. 
P, andr, — losses and temperature excess of the steel at the back of 


and r, 


the stator; 
P, andr, — losses and temperature excess of the rotor steel; 
« and r, — losses and temperature excess of the aluminium of the slot- 
ted part of the rotor; 
P, andr, — losses and temperature excess of the short-circuiting rings 


of the rotor; 
P, andr, — the friction losses of the internal fan and the temperature 


excess of the air inside; 


Ay, As — the thermal conductivities of bodies 2. . . 8; 
» — the mutual thermal conductivities of bodies 1 and 2,... , 
8 and 7. 


In practice it is required to simplify the methods of thermal calculations. 


We must determine the temperature excess of the winding according to the 
actual physical processes taking place in the machine, even if we introduce the 
well-known simplifying assumptions. In setting-up the branched thermal equiva- 
lent circuit represented in Fig. 5, we make the following assumptions: 


1. The thermal fluxes in the stator and rotor steel have only radial direction. 
2. The thermal flux from the rotor to the stator copper is very small compared 
with the thermal! flux directed from the rotor to the stator steel; for this reason 


we neglect it. 
3. The outer surface of the motor frame is regarded as an equipotential 


surface. 


In the branched thermal! equivalent circuit shown we considered all the 
thermal flows capable of influencing the temperature rise of the stator wind- 

ing. The simplifications introduced do not refer to the initial conditions, but 
consist in neglecting second-order quantities. The precision of the thermal cal- 
culations based on the thermal circuit shown, and assuming 8 sources of heat, is 
quite sufficient for determining the ratings of the fully-enclosed motors of min- 


ing combines. 


A solution of the systems of equations presented above, though not intrin- 
sically difficult, is yet very laborious and inconvenient for practical purposes. 


We recall that the object of the present communication was to evolve a prac- 
tical method of thermal calculations of fully-enclosed induction motors with a 
view to determining the rating of such motors. The rating of squirrel-cage induc- 
tion motors is determined by the temperature rise of the stator winding. As re- 
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gards the other parts of the motor such as the stator and rotor steel, rotor alumi- 
nium, etc., their temperature rise is not limited. Consequently, it is only neces- 
sary to determine the temperature rise of the stator winding in order to establish 
the rating of the motor. Considering the thermal equivalent circuit with eight 
sources of heat which we evolve, it is only necessary to simplify the determina- 
tion of the over-temperature of the stator winding; this renders it necessary to 


reduce the number of equations forming the system. 


We explain below the suggested method of thermal calculation for enclosed 


motors of mining combines. It comprises the following stages: 


1. Setting-up a branched thermal equivalent circuit based on the assumption 


of 8 sources of heat. 
2. Determination of the directions of the thermal fluxes from the rotor from 


the stator windings. 


Thermal fluxes from the rotor 
There are four directions of thermal fluxes in the rotor, viz: 
(a) The losses in the rotor, transmitted through the air gap to the stator 


steel; 
(b) Losses in the rotor carried off through the axial ducts in the rotor and by 


the air passing through them; 
(c) Losses in the slotted part of the rotor aluminium, transmitted to the 


rotor steel; 
(d) Losses in the slotted part of the rotor aluminium, carried off to the 


short-circuiting rings of the rotor. 


Thermal fluxes from the stator winding 
In the stator winding there are two directions of the thermal fluxes from the 
stator winding, viz: 
(a) Losses transmitted from the winding in the slots of the stator to the 
steel of the stator; 


(b) Losses transmitted from the stator winding in the slot to the end con- 
nexions. If these values happen to be negative, the losses will be dir- 
ected from the end-connexions to the part of the winding in the slots. 


3. Determination of the required numerical values of the six thermal fluxes 
from the rotor and stator winding. To determine these we put down a system of 
six equations. We obtain these equations on the basis of the following condi- 


tions: 


(a) The algebraic sum of all the thermal fluxes towards and from any point 


equals zero; 
(b) The magnitude of the temperature drop between two points does not 
depend on any particular path through the thermal circuits comprising 


these points. 
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4. Determination of the actual thermal fluxes in all the sections from the 
stator winding to the ambient air. The thermal flux through the stator steel to 
its external surface consists of: a heat flow of constant magnitude, directed 
from the rotor to the stator steel; a heat flow of constant magnitude directed 
from the stator winding to the stator steel; the heat flow proper, set up by the 
losses in the steel at the teeth and the back of the stator. 


5. From the actual heat flows in the various parts of the motor and from 
design data, it is possible to determine the temperature drops and the tempera- 


ture excess of the stator winding. 


It is, therefore, necessary, in order to determine the temperature excess of 
the stator winding according to the method suggested, to solve a system of six 
equations. The number of equations must be equal to the number of possible 
directions of heat flows from the rotor and from the stator winding. The use of 
external forced cooling of the frame of the motor does not alter the number of 
directions of the heat flows from the rotor and from the stator winding; only the 
coefficient of heat dissipation is altered. To determine the numerical values 
of the heat flows enumerated, we will carry out the calculation in the individual 


sections below. 


Example of a system of equations 


Corresponding to the branched thermal equivalent circuit of Fig. 5 ; 


rP, 
=P +(P, 
P (Py, 


where P, , — are the losses transmitted from the winding in the stator slots 
to the steel of the stator; 
yo — losses transmitted from the stator winding in the slots to the 
end-connexions; when P,, has a negative value, the losses will 


be directed from the end-connexions to the winding in the slots; 
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— losses in the stator winding in the slots; 
— losses in the rotor transmitted through the air gap to the stator 
steel; 
— losses in the rotor transmitted through the axial ducts of the 
rotor and by the air passing through them; 
— losses transmitted to the rotor steel from the aluminium parts in 
the rotor slots; 
losses transmitted to the short-circuiting rings of the rotor from 
the aluminium in the rotor slots; when Foe is negative, the losses 
will be directed from the short-circuiting rings of the rotor to the 
winding in the rotor slots; 
— losses in the steel! of the rotor; 

losses in the aluminium in the rotor slots; 

losses in the stator teeth; 

losses in the end connexions of the stator winding. 

friction losses between internal fan and air; 
— losses in the short-circuiting rings of the rotor; 

P eto — losses in the back of the stator; 


R, and R, thermal resistances between the bodies 4 and 8 and the ambient 


medium; 
R,, ete. — mutual thermal resistance of the bodies | and 2, | and 3, 


R 


etc. 


Analysis of experimental data and their comparison with theoretical results 


We will analyse the experimental! data of a motor EDK - 120, designed for the 
drive of a mining combine, and compare them with results obtained by thermal 


calculations on the method described above. 


The main parameters of the motor EDK -120 are: Continuous output 55 kW; 
voltage W, = 660 V; / = 64 A; speed on load n = 1485 rev/min; enclosed with 
ribbed frame and internal air circulation (Fig. 1); overall dimensions : length 
1250 mm, with 780 mm, height 500 mm. 


In the thermal tests the motor was placed on rails fixed to the bed and con- 
nected to the shaft of the loading generator. Owing to this the lower part of the 
surface of the frame of the motor could not freely radiate into the surroundings. 
The thermal tests of the motor were not carried out in a special insulating 
chamber, but in the test bay of the works. Despite the fact that the tested motor 
was during its thermal-duty tests separated from the loading generator by a 
special wooden screen, and at some distance from the other machines working 
simultaneously in the test bay, the ambient air around the fram of the motor was 


still slightly agitated. 


The thermal-duty tests of motors for mining combines and coal cutters 
produced by the industry are carried out in the testing stations generally in a 
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similar way. It is for this reason that even though the frame of the motor may 
correspond to the type without external forced cooling, there will always be a 
certain slight cooling effect owing to the agitation of the air in the test bays. 
To measure the intensity of this external air flow by any instrument was impos- 
sible owing to the extremely low air velocity. However, the presence of an even 
very slight air circulation increases considerably the coefficient of heat transfer 
and, consequently, reduces the temperature excess of the frame of the motor. 
The temperature excess of the stator winding, At,, on the other hand, is deter- 
mined by the temperature drop At;, between the stator winding and the frame and 
the temperature drop \t, between the frame and the ambient air, i.e. 


= Aty + Atg. 


Our analysis of the experimental results obtained with enclosed motors of 
mining combines and coal cutters enabled us to establish the following approxi- 


mate relations: 


At, = 0.25... 0.3 and Aty= 0.75. . . 0.7 


Consequently, for temperature excess of the stator winding Az, = 95°C, 
the temperature excess of the frame of the motor (assuming the frame to be a 
thermal equipotential surface) will be o@... 


According to the tests the maximum temperature excess of the motor frame 


is Aty, = 85°C. 


The existence of a slight air current around the frame during the thermal- 
duty tests of the motor is also confirmed by the fact that a thread held near the 


fraine is deflected from the vertical direction. 


Tables 1 and 2 collect experimenta! and theoretical data on the thermal- 
duty of a motor EDK — 120. 


TABLE 1. 


Voltage Current Velocity of external 
(V) (A) air current(m/sec.) 


Test results 56. 660 66 : Owing to the low air 
speed, the intensity 
of the external ven- 
tilation could not 
be measured. 


Results of ’ 1 m/sec 
calculation 
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Conclusions 


1. The existing methods of thermal calculations are briefly reviewed and a 
new method of thermal calculations of enclosed induction motors to be used for 


the drives of coal cutters and mining combines is presented. 


2. The method of thermal calculations suggested may form a basis for a 


practical method of designing enclosed induction motors to be generally accepted. 


3. More research work is required on the coefficients of heat exchange of 
induction motors. 
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VELOCITY - TIME RELATIONS FOR ELECTRIC DRIVES FOR 
INTERMITTENT OPERATION * 


L.V. KARNIUSHIN 


(Received 17 December 1956) 


The theory of motor drive presented below is of practical importance for design- 
ing and operating a reversible unit consisting of an electric motor and a driven 
mechanism which operates intermittently with frequent starting and braking. 


Depending on the design, and types of operation performed, the choice of 
velocity-time relations (or the corresponding load diagrams of the motor and 
driven mechanism) can be based on various criteria [1-3]. The criteria adopted 
in the present work are based on the fact that the relation between the output of 
the machine and the rating of the motor (the latter being fully utilized according 
to thermal loading) is dependent mainly on the choice of the velocity-time relation 
of the motor [ 2,3). 


Thus, in the case of machines having a given duty cycle whose operating 
member moves through a given fixed distance (e.g. a colliery winder), the first 
condition for the choice of the best velocity-time curve of the driving motor is 
that @ given output must be secured with the smallest horse-power rating. (First 
criterion). It will be shown later that this condition is equivalent to securing 
the maximum output with a given installed horse-power. 


In a number of cases a second criterion is of importance, which is securing 
the maximum output with a given rated motor torque. This is equivalent to secur- 
ing a given output at the minimum motor temperature rise. 


The functional relation between the motor horse-power (or torque), the velo- 
city-time law, and the output power can be found by solving the simultaneous 
equations for the velocity law of the motor, the heating of the motor, and the 
angular displacement of the machine shaft. If this relation is found, the question 
of finding the best velocity-time relation (in accordance with the first or second 
criterion) amounts to finding mathematically either the extremum of a certain 
function (for a given form of tachogram) or of the functional. 


The solution of this kind of problem (when both criteria are satisfied) is 


* Elektrichestvo No. 6, 64-71, 1957 [Reprint Order No. EL 31). 
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Velocity-time relations for electric drives for intermittent operation 


given in the literature only for one particular type of motor velocity-time curve, 
namely when this curve is trapezoidal [2,4]. A more general solution, when not 
only the parameters, but also the shape of the velocity-time curve have to be 
found, is given in (3, 5, 6]. This applies to cases in which only the second cri- 
terion is satisfied. The problem of the existence of a velocity-time curve satis- 
fying the first criterion has never been fully investigated (7). 


It should be pointed out that there is still at the present time no definite 
opinion on the practical significance of the best velocity-time curve of the motor 
drive. This is because sufficiently detailed investigations covering the whole 


subject have not been carried out. 


In preparing this paper the following assumptions have been made: 


(a) the temperature rise of the motor is assumed to vary with the r.m.s. 
torque; 


(b) the following quantities, referred to the motor shaft, are constant:- the 
resistance torque, Ss the total moment of inertia, /, and the transmis- 


58 


sion efficiency, n; 


the following factors which impose limitations on the voltage-time laws 
of motor drive are neglected:- type of process, robustness of construc- 


(c 


tion of the machine, conditions for supporting moveable parts, permis- 
sible mechanical overloading of motors, and electrical overloading of 
the supplying converter (the influence of these factors will be consider- 


ed when comparing the tachograms). 


The best trapezoidal velocity-time curves of the driving motor 


Only symmetrical trapezoidal curves will be considered, since these are 
more advantageous with regard to motor heating than the asymmetrical curves 


(2). 


For a given angular displacement, §, the time during which the motor is 
rotating, ¢,,, and time of rest, ¢,, there is a certain steady (established) angular 
velocity of the motor, w, 2 (or the corresponding acceleration¢s), at which the 
r.m.s. value of the motor torque for the interval ¢,, + ¢,), Teq2, (the equivalent 
torque) is a minimum [4]. Also there is a steady velocity w,, (or ¢) at which the 
motor output permitted by temperature rise is a minimum. This output is given 


by: 


9) 
= (1) 


eql 


It is shown in [4] that irrespective of the magnitude of the resistance torque 
of the machine (7, = const) and the efficiency of the mechanical transmission 

(y = const), the minimum 7, 2 always occurs at We = 0.75 wA(or at €9 = 
1.1254) where «A and wA are acceleration and maximum velocity in the case of 
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a triangular velocity curve at the same §, ¢,,, and ¢,. 


The velocity @,  ; which corresponds to the minimum P.g\ depends on the 
magnitude of the coefficient of dynamic loading. 


Jey 
@ 


r 


and lies within the limits 


Me} 


< 0.625 [4]. 
@a 


The ratios of r.m.s. values of torques and outputs with trapezoidal and 
triangular velocity-time curves for the same values of 8,t,, and ¢, are given 


by 


We 
@ A 


The function Pee Peg\ is a minimum at a certain value of z = z,, which 


where z = 


depends on the numerical! value of » and is given by one of the real roots of the 


following equation: 
z* — Bu 


in the region 0.5 < z < 0.625. 


By assigning different values to yu (in the majority of cases they lie within 
the limits 0 < «x < 3), it is not difficult to find from (5) the corresponding values 


of z, =w,)/wA. This also gives the optimum velocity at which the minimum 


required output is attained, 
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where ¢, is the duration of the accelerating period. 


Having established the values for w, ) and we9, we can now determine the 
parameters of the optimum (according to the first and second criteria) rectangu- 
lar curves of the motor torque for the periods of accelerating and braking. 


where ¢, is the duration of the braking period. 


The optimum velocity-time relations for the drive 


The time function w (t), representing the required velocity-time relations, 
should increase steadily during the accelerating period, decrease steadily during 
the braking period, and pass through the points 


(9) 


With given values for the displacement 8 and the duration of the cycle ¢, = 


(t,, + t), the required rated torque, 7, and the rated horse-power, P,, of the 
motor working under intermittent load conditions, are given by 


where t, — period of constant velocity,a, and a9 — coefficients to allow for 
poorer motor cooling at w <w_) w, — rated angular velocity of the motor rotor. 


The motor torques during the accelerating and braking periods are 


= Je+T, and T, = Je —T,. (11) 


Substituting (11) into (10) and considering the condition given by (9) 


(7) 
| B 
t =t- ——, (8) 
al.2 61.2 m ®.1.9 
w (0) =a (t,,) = 0 
wT 
n 
ta 
T2de+ T2t,+ T2de (10) 
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t 


m 
s2fe2de+J2 Sd, 
0 att 0 
we can find the relation between? , , 7,,, the output Il = 1/t,, and the velocity- 


time law: 


102? P2 ( ayt,, + ato) = 1); (12) 


(@) + agto) = lo (13) 
n 


fe2de 


0 


As is seen from (12) and (13), for a given output (i.e. for given values of ¢,,, 
to, and 8), the minimum value of the required motor torque, 7, min, is given by 
a velocity-time law that minimizes the functional /,. The minimum value of the 
rated output, P, , will be obtained with a different velocity law which minimizes 
the functional /,. If 7, (or P,,), 8, and t, (or tg) are given, the highest output 
will be obtained with these laws (i.e. the shortest period ty (or ¢,,) and there- 


fore, min) 


1. a) Parabolic velocity curve with sudden change 
of acceleration; 
b) with periods of uniform change of acceleration. 
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Thus the mathematical determination of the velocity-time relationships for 
a driving motor can be reduced to two similar isoperimetric variational problems, 
that is, determination of the function w (t) which minimizes the functional /) (or 
I>) and satisfies the boundary conditions given by (9), as well as satisfying an 


additional condition 


t 


m 
fodt=f. (16) 
0 


To determine the function w (t) which minimizes the functional /, is easily 
done by setting up and solving Fuler’s equations [5,6]. The required velocity- 
time law for the drive motor satisfying the second criterion is a symmetrical 


parabola, Fig. la. 


For the same £, t,,, and ¢,, the ratio of the r.m.s. value of torque for the 
parabolic velocity curve to the torque for the trapezoidal velocity curve is given 


by 


(0.75 + x2) (2 z — 1) 


3 2 
z +p (2z—-1) 


Also, the ratio of corresponding outputs is 


0.75 


eq 


7 
127 

= 

: 

t 
958 (1-2—) ; (17) 
mp t a 

t(] —-—) , (18) 
m t 

m 

« =15——=0.%50 . (19) | 
2 \ m \ 

m 

eq q 

a T 

eq = 

ae The ratio of accelerations is 

‘mp 1.5 (2z 1) (22) 


Velocity-time relations for electric drives for intermittent operation 


FIG. 2. Diagrams of velocity and FIG. 3. Characteristics of motor 


acceleration for one-half period necessary to obtain velocity- 


of displacement, time curves of Fig. 2. 
1— with “parabolic acceleration”; 1—with “parabolic acceleration”; 
9 


2—with the optimum velocity law 2—with the optimum velocity law 


(with respect to output); (with respect to output); 


j}— with the optimum trapezoidal 3— with the best 


trapezoidal 
veloc ity-time urve 


velocity-time curve 


(with respect to output) (i = 0). (with respect to output). 


The load diagram for the parabolic velocity curve and for r, 


const. is of 
triangular shape, 


(the ratio of mean height of curve to maximum height is 0.5). 


The usual variational method of setting up Fuler’s equations is not appli- 
cable to finding the function w (t) which minimizes the second functional, /.,. 


Therefore, it is necessary to use a direct variational method. 


We shal! assume a symmetrical velocity curve of the motor. To solve the 


problem, it is then sufficient to consider only the first half-period of the displace- 


ment from t= Oto t= 0.5 Since it is obvious that if the conditions (9) are 
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satisfied, the required law will also be valid for the second half-period 


Thus, this law of motion can be found for any predetermined relation 
between 2 and J. We shall, however, confine ourselves to considering only the 
case when the frictional resistance can be neglected (7, + 0). The solution to 
this case will enable us to evaluate the greatest effect which can be achieved 


by using the law which conforms to the first criterion. 


With the assumption made the problem is reduced to finding a function a (t) 
minimizing a functional which is simpler than the functional /, and is given 


by 


0.5 


(fedty . 
0 


for the following conditions: a) w (0) = 0; b) w (0.5t,,) = 0; 
J dt = d) w \t) > 0 for 0< 
0 


c) 
m 


Condition d) represents the requirement that w (t) is to increase steadily, 
while condition b) follows from the natural limiting condition for the end of the 
parallel to the w axis. 


curve w (t) which has a locus ¢ = ¢,, 


The solution to this problem [7] gives as a first approximation the following 
optimum (with respect to the equivalent output) laws for the first half of the dis- 


placement when yz = 0. 


h and 
2 
where \ mo 3 


B 


The curves of velocity and acceleration drawn from (25) and (26) are shown 
on Fig. 2. The same figure also shows for comparison (with the same 8, ¢,, 
and » = 0) the parabolic curve and the optimum trapezoidal curve with respect 
to output. Fig. 3 shows the torque characteristics of the motor which are neces- 


sary to obtain the velocity-time curves shown in Fig. 2. 


The r.m.s. value of the torque for the period of 0.5 ¢, when the motor ac- 
celeration follows the optimum law in accordance with the first criterion, is 


given by 


a 
> 
fedt (24) 
: 
t 4t- 
(25) 
m 
m 
9 
t 
= + 4— 
m 
(27) 
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9 B 
fe* dt = 3.576 J] —— = 0.894 T \ 
eq 


0 
The equivalent output is found from (27) and (28) 


P = 7 0-894 4 = 0.596 (29) 


The ratio between mean and maximum height of the load torque curve when the 


optimum law (25) is obeyed is given by 


0.5¢,, 


ip dt 
0 


The use of optimum tachograms with variable path of displacement 


Because of the geometrical relationship between the displacement, 8, of the 
operating member of the driven mechanism and the remaining parameters of the 
tachogram, w, « and ¢,,, these parameters vary with 8. Also the tachogram should 


be corrected for permissible velocities and accelerations. 


Since in the case of a varying cycle of operation the choice of the best motor 
tachograms is influenced by a great number of different conditions, this problem 
must be considered separately for each particular case of the motor drive. 


In the case when a uniform regular cycle of operation and a number of fixed 
paths of displacement are given, the problem consists of either finding optimum 
tachograms corrected for w and ¢, for each displacement, using the condition 
for the maximum P,. (or 7,2) or the maximum output 7 for the whole cycle. 


For mechanisms with an arbitrary path of displacement (e.g. the main mecha- 
nisms of an excavator) either the first or the second criterion must be satisfied 
for the most typical cycle of operation; for other paths of displacement, the 
highest output permitted by the motor heating must be secured. For this purpose 
it is expedient to devise a scheme of automatic re-adjustment of the control sys- 
tem of the motor drive which will ensure that the optimum velocity and accelera- 


tion are achieved for each displacement. 


With a constant standstill period, ¢,, the effect which can be achieved with 
such a scheme cannot be very great. This is clearly seen in the example of the 
driving motor for the turning mechanism of the walking excavator type ESh — 
14/75 for which the duration of the turning operation is up to 85 per cent of the 


duration of the whole cycle. 


If the parabolic tachogram is used, the angle of turn, 8, at which the motor 
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2 
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FIG. 4. Relative time of turning against an- 
gular path for the excavator type ESh — 14 
75. 

] — with trapezoidal velocity-time curve, 
B > 125°, and fixed acceleration and 
velocity (the motor is fully utilized 
only at 8 = 125°); 

2—with the best (in accordance with the 
2nd criterion) trapezoidal velocity-time 


curves for each angle of turning; 
3 — with parabolic velocity-time curves and 
full utilization of the motor with regard 
to heating at 8 > 110°. 
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and the mechanism are fully utilized (the first with respect to heating and the 
second with respect to permissible acceleration; €perm.= 0.025 1/sec*) is 110°. 
If 8 > 110°, while keeping Te gp™ 


110°, the duration of the excavator cycle is limited by the action of the lifting 
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const, the acceleration ¢,,,, decreases. If 


mechanism [1]. 


We shall denote r= 


, where t, is the time of turning through the angle 


m.m 


B and ¢,, ,, is the time of turning through 180° when the velocity-time curve used 
is of trapezoidal form and ¢ and w, are fixed and such that the motor can be fully 
utilized from the point of view of heating only at 8 = 125°. 


Fig. 4 shows calculated curves r = f (8) for different kinematic condition 
of operation of the motor drive when the period of digging is constant, tz = 10 sec. 
It is seen from this figure that if the rotation of the driving motor follows the 
optimum tachogram for each angle of turn, the output of the excavator is increased 
by 4 to 5 per cent. The advantages of the parabolic over the best trapezoidal 
curve judged by the second criterion are, in this case, negligible. 


Comparison of optimum tachograms for electric drive 


In this comparison we shall assume that the cycle of operation consists of 
one period of displacement and one period of standstill; the path of displace- 


ment, 8, being constant. 


To assess the usefulness of the optimum velocity-time laws both in design 
and in practice, the following two principles should be applied: 


1) The principle of equal output. This means that the operating member of 
the mechanism should move through a given path 8 in the same time ¢,,, with 
the same duration of time during which the motor is switched on, 0. The basic 
quantities which are compared using this principle are the required motor para- 


meters. 


Fe 
131 
“inp 
| @ 
| 
bm 
t 
ts 
ae 
cat 


Velocity-time relations for electric drives for intermittent operation 


2) The principle of equal rated motor torque. This means that the rated 
torque is maintained constant while either the time of the period of standstill, 
t,, or the time of displacement, ¢,,, (and so 7 and @) is changed. The basic quan- 
tities which are compared are the durations of the cycles for various velocity- 


time relations. 


Apart from comparing the basic quantities, we shall also compare the mecha- 
nical overloading of the motor and the maximum velocity and acceleration of the 
tachograms. Moreover, we shall take into account the effects of the static resis- 
tance torque, 7,, and the total moment of inertia / referred to the motor shaft, 


using reasonably probable values for the dynamic index yp. 


Under actual starting conditions the motor torque (and acceleration) cannot 
attain maximum instantaneously. (Fig. la). If, for example, a parabolic tachogram 
is used, the end parts of the curve will be slightly distorted (Fig. 1b) due to an 
initial smooth variation of acceleration. The existence of this initial variation of 
acceleration is desirable from the points of view of stability and wear of the me- 
chanism. Since similar distortions will occur with any selected velocity-time law, 


their effect can be neglected for the purpose of the present comparison. 


To determine numerical values of the ratios of the equivalent torques, out- 
puts and accelerations for different values of « and z, we shall use the expres- 


sions previously obtained. 

In the case of equal outputs the ratio of the required maximum percentage 
overloads can be found from the velocity-time equation for the period of starting 
and from relation (20). Thus, we get 


AAT oA Jen + and A, leq 


whence 


Ap (1.54 ,) 


Ay (1 +p) T 


e gp 


In a similar way 


In the case when the duration of cycle is decreased by reducing the stand- 
still period, t,, while keeping the same duration of the period of displacement, 


tn, we have qp Therefore, equations (30) and (31) become 


A 15+ 


te 
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FIG. 5. Triangular, parabolic, 
and optimum trapezoidal velo- 
city diagrams for the same 


paths and times of displace- 


ment and with p= 0. 


The relative increase, \ 7, of the output due to the reduction of the stand- 


still period, ¢,,* can again be easily found from the condition that the rated 


motor torque should be the same. For example, when changing from triangular 
to parabolic velocity-time diagram, remembering that the ratios previously found 
for equivalent torques over time ¢, will be numerically the same as the ratios 


over the time ¢,, with the same ¢,, and ¢,, we find that 


cop 2 7A cp 


eqi 9, “eA 


and thence 


Tp 
7 = 100 = 
cp 


\ 


* The calculations of the increase of the output and the maximum relative percentage 
motor overload when t», is reduced and ft, is constant, are not given. In this case, 
the time during which the motor is switched on, @, is given by the velocity-time curve 
considered [6]. The calculations involve graphical solutions of complex equations. 
Also, since the r.m.s. torque and the required output of the motor increase much more 
quickly than the output (e.g., if 7, = 0 and 6= 100 per cent, reducing t,, & times in- 
creases P,, and T,, k* and times respectively) these means of increasing the output 
by changing from one type of velocity-time curve to another become so ineffective 
for  < 60 per cent that they cannot be applied in practice (él. 
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TABLE 1. Comparison between the parabolic and optimum (as judged on torque basis) 
trapezoidal tachograms 


1.33 for the same ( and bn 


Basis of | 
com- FE qual Teg: B, and by, 
parison 


0.942 0.942 
0.956 0.956 
0.975 0.975 
0.990 0.990 
0.995 0.995 


TARLE 3. Comparison between the Ist criterion optimum, parabolic, and the optimum 
judged on power basis, trapezoidal velocity-time diagrams, py = 0 
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The results of calculations to compare the velocity-time diagrams of Fig. 5 


are given in Tables 1 and 2. Table 3 collects data showing comparisons between 


the optimum, according to the first criterion, veloc itv-time curve and the best 


trapezoidal and parabolic tachograms judged on the power basis (Fig. 2) 


Conclusions 
1. There are two kinds of extremum velocity-time law of the motor drive 
operating under intermittent conditions of load with full utilization of the motor 
with respect to heating 
a) the velocity-time law (25) which gives the minimum rated motor out put 
of the mechanism 


b) the velocity-time law (18) which gives the minimum rated motor torque 


which is necessary for a given output of the mechanism 


Hy using these laws we can achieve for a given motor the highest pos sible 
output permitted by the heating of the motor 

The parameters of the first kind of the velocity-time law are dependent on 
the coefficient of dynamic loading (2), whereas those of the second kind of the 


law are independent of it 


2. As can be seen from Table 2, the efficiency which can be obtained by using 


the optimum velocity-time curves depends on the relation between the static and 


dynamic components of the load (i.e. on the coefficient ~) and becomes a maxi- 


mum for the purely dynamic load. In the case when the static load is predominant, 


these curves (and also the corresponding armature-current diagrams) have no 


substantial advantage over the best trapezoidal curves. 


3. In the case when the dynamic load is predominant, the following effects 


can be achieved over to the optimum velocity laws 


a) If the output of an electro-mechanical device for cyclic operation is speci- 


fied, considerable lowering of the installed horse-power (and consequent- 
ly lowering of the cycle energy loss) can be obtained by using the velocity- 


time law (25) 


b) If the motor is specified (or has already been installed) a substantial 
increase of the mechanical output can be achieved without overheating of 
the motor by shortening the period of rest. 

However, in this case the dynamic loading of the mechanism and the per- 

centage overload of the motor are increased. 

When the output is specified or needs to be increased by reducing the dura- 

tion of the period of running without altering the temperature rise of the motor, 
the advantages of the parabolic velocity-time diagram (18) over the best trapez- 


oidal diagram judged on torque basis are smal! (Table 1) 


The advantages of the optimum in accordance with the first and second 
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criteria velocity laws are as follows: 
a) @ much more uniform energy consumption during the starting period; 


b) the mechanical characteristics of the driving motor (Fig. 3) which are 
necessary when these laws are consistent with the kind of relation 
between the permissible percentage overload and the speed which is pe- 


culiar to the d.c. motor; 


c) it is not necessary to have a high ratio between the mean height and the 


maximum height of the load-current (or load-torque) curve of the motor 


4. In order to make use of the advantages presented by the best velocity- 
time curves in the case when the path of displacement of the operating member 
of the mechanism is variable, it is expedient to provide an automatic re-adjust- 
ment of the control system of the motor drive that will ensure the optimum velocity 
and acceleration for each displacement. The question of the establishment and 
application of the optimum veloc ity-time laws when the path of displacement is 
variable necessitates additional elaboration depending on the type of the motor 


drive 


5. The ratio between the mean height and the maximum height of the armature 
current curve should not be used as a criterion for assessing the usefulness of 
the drive control system in cases when the motor is fully utilized with respect 
to heating. The degree of usefulness of a control system is determined by the 
extent to which a most simplified and reliable system approximates the optimum 
velocity laws. The ratio of mean to maximum height of the current curve charac- 
terizes the usefulness of the control system only in cases in which it is neces- 
sary to use the highest acceleration permitted by the mechanism in order to 
achieve the shortest period of starting or the highest output, irrespective of the 
required motor output. Therefore, the optimum velocity law is that which gives 


a constant acceleration 1). 


6. The various aspects of the use of the optimum velocity-time laws for 
motor drives should be considered not only when designing the driving motor and 
its automatic control system, but also when designing the driven mechanism. In 
particular, when establishing the permissible accelerations of the mechanisms, 
an allowance should be made for a possibility of using the optimum velocity- 


time relations for the motor drive. 


The stability of the characteristics of motor drives is of great importance 


when using the optimum velocity-time laws. 


When the motor is fully utilized with respect to heating and specified output, 


its required rated output and torque depend not only on the type of velocity law 
but also on the reduction gear ratio [1]. In connexion with this the following 


additional conclusions drawn from the present investigation are of interrest: 


a) The smallest rated motor torque is required by using the velocity law 


(18) minimizing the equivalent motor torque, and a rated motor speed cor- 
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responding to the optimum reduction gear ratio. 


b) The smallest rated motor output is required when using the velocity law 


(25) minimizing the motor horse power, and a rated motor speed which 


should preferably be less than the speed corresponding to the optimum 


reduction gear ratio. 
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A METHOD OF DERIVING EQUATIONS FOR THE 
ELECTROMECHANICAL TRANSIENT IN ELECTRIC CIRCUITS * 


S.V. STRAKHOV 


(Received 5 October 1956) 


There are basically two methods of investigating the transient electromechanical 


processes in electric circuits, viz: 
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1. Physical modelling. 


2. Mathematical modelling, this comprising two sections, viz: 


(a) the section using physical analogs; 


(b) the section using digital computers (integrators) with continuous 


and discrete action. 


The method of physical modelling, comprehensively treated in papers of 
V.A. Venikov [1-3], M.P. Kostenko [4-6] and of other authors, consists in the 
replacement of large rotating electric machines and hydraulic turbines by simi- 


lar units of small ratings with due consideration to the laws of similitude. Trans- 


mission lines, tranformers, saturable reactors and static loads are replaced by 


assemblies of capacitances and inductances, networks with repeated members 


being used for transmission lines. In other words, in this case the physical 


character of the model and of the original are the same. 


Among the advantages of the method of physical modelling, where rotating 
machines are concerned, we should mention the possibility of considering eddy 


currents, saturation, hysteresis, the actual distribution of stator and rotor wind- 
ings in space, and of other factors. A drawback of this method is the difficulty 


of varying the parameters of individual machines, usually necessitating the 


availability of a number of inter-changeable rotors for them. It is, therefore, more 
convenient to use the method of mathematical modelling in cases where the para- 


meters of the machines must be variable; because this method can deal in a much 


more simple way with such variations. However, physical modelling will still be 


preferable in all cases in which the system of differential equations describing 


the process is very complicated. 


* Elektrichestvo No. 7, 5-10, 1957 [ Reprint Order No. EL 32]. 
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Equations for the electromechanical transient in electric circuits 


Referring to the first section of the method of mathematical modelling [1, 7 
and 8], we note that rotating machines are replaced by equivalent devices (elec- 
tronic circuits, electrodynamical apparatus), i.e. physical analogs according to 
the similar structure of their differential equations. In this case the model has 
a different physical character from the original. If the system contains static 
elements, for example, transmission lines, they are represented in the same way 
as in the preceding method, i.e. to these physical modelling is applied. An ad- 
vantage of this method is the greater convenience of varying the individual para- 
meters of the rotating machines, because it amounts only to a variation of com- 
paratively easily adjustable parameters of the electronic circuits or the physical 
analogs. On the other hand, since the static elements of circuits consist of as- 
semblies of coils and capacitors, no differential equations have to be set up for 
them. This is a great advantage of the first section of the method of mathematical 


modelling over the second section. 


The second section of the method of mathematical modelling, consisting of 
the use of computing mechanisms (integrators) for the investigation of the tran- 
sient electromechanical processes in the electric circuits, is nowadays widely 
used. Its importance is stil] increasing with the growing production of relatively 
inexpensive computor types suitable for the integration of systems of non-linear 


differential equations of an over-all order up to 20— 30. 


This method makes it particularly easy to vary the system of parameters 
within a wide range by an easy regulation of the blocks collecting the coefficients 


of the individual equations. 


This method is suitable not only for the solution of electrical engineering 
problems, but also for the solution of systems of non-linear differential equations 
met in physics, mechanics, hydrodynamics, heat engineering, etc. In this sense 


it is a universal method. 


4 disadvantage of this method is the necessity of using a whole number of 
blocks of the integrator for considering the differential equations of the static 
circuit elements and, in particular, of long lines, since often the greater half of 
the overall order of the system of differential equations of the circuit is accounted 


for by the static circuit elements. 


However, the integrators may be designed in such a way as to enable the dif- 
ferential equations of only one part of the whole circuit to be represented, whereas 


the remaining part is actually present in life-size or represented by physical 
models. The latter condition considerably extends the range of possible users of 
integrators of this type for investigations of the transient processes in inter- 


connected systems. 


Method of setting-up system of differential equations 


In order to use the integrator, the system of differential equations of the 
circuit has to be set up, first of all, in the simplest and the most rational form. 
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Equations for the electromechanica] transient in electric circuits 


We will then consider the differential equations of the synchronised gene- 
rator, referred to all coordinate systems rigidly connected with its rotor, the 
equations of an induction motor and of all the static circuit elements (loads, 
transformers, transverse capacitances, compensating coils and lines with lon- 
gitudinal compensating capacitances) referred to coordinated system rotating at 
an arbitrary speed, as given. 


All the equations given below refer to the positive directions of the currents 


shown in figures. 


When setting up the differential equations for any actual system it is, above 
all, important to choose the most rational system of rotating coordinates to which 
then the equations of all static circuit elements have to be referred. For sym- 
metrical circuits the equations of the static elements may be referred to axes 
rigidly connected to the rotor of any of the generators [9], which follows from 
the symmetry of the circuit. 


We will illustrate the method of setting up the system of equations on the 
example of the circuit of Fig. 1, being practically symmetrical. 


We will refer to equations of all elements of the circuit of Fig. 1 (except 
SG2) and the equations resulting from Kirchhoff’s first law, to coordinate axes 
rigidly connected to the rotor of the synchronous generator SG1. 


The equations for SG1 are [10 and 11): 


we 
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d26, 


In an analogous way, by altering subscript | to subscript 2, we write the 
equations for SG2, since we refer to its equations to axes rigidly connected to 


its rotor. 


The equations for /M] (10 and 12) are: 
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Equations for the electromechanical transient in electric circuits 


The equations following from Kirchhoff’s first law [e/. (1)! are as follows: 


ld Old tld 

‘ts 

lg tlq 

ami = =Q. 

1 £10 

The equations for static load [Sand 10] are: 

cos (0 ~0)—U sin(@ 
* 2d 2 l 2q 2 l 


L I =O: 


n2 n2d n2 n2ln2q dt 


sin )e+l cos (@ — 
2d 2 ] 2q 2 l 


di 9 dO, 
L i = () ; 
dt n21 n2d dt 


di, 20 


QO. 


The occurrence of the factor cos (0, — @,) and sin (0, — @,) is due to the 
fact that the terminal voltage of SC2 is referred to axes rigidly connected to 


its rotor. 


The equations expressing Kirchhoff's first law [9], considering the positive 


directions of the currents as assumed in Fig. | will be: 
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Equations for the electromechanical transient in electric circuits 


It should be noted that if the equations of the static load N2 are referred to 


axes rigidly connected to the rotor of SG2, equations (5) will become compli- 


cated to the extent equations (4) will be simplified. 


Indeed, if we refer the equations of the static load V2 to axes rigidly con- 


nected to the axes of the rotor SG2 we get [9 and 10) 


di,, 2d 
dt 
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= 
n21 n2d dt 


20 n2n20 


\nder the same conditions the equations of Kirchhoff’s first law [cf. (2)] 


are written as follows: 


i +s cos(@ —@)—i sin(@ —@)-— 
t2d 2 2q 2 


n2d 2 l n2q 2 l 
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2 l n2q 2 l 
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We will further consider in the equivalent circuit of the transformer 7] 
the branch of the no-load current (Fig. 2). For the branches 1 — 7 of the primary 


winding we get [9 and 10): 


= 
2 
2d n2 n2d n21 
9 
n2q dt 
di, 29 
2g dt (4a) 
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Similarly, we get for the branches 7 — 3 of the secondary winding : 
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U =U : 
1 tlg Isl dt 


dO) 
ak” ££ 
Isl tld at 


1s0 


= wim 
ladl tld dt 


di +10 


70 £10 ladO dt 


O=U 


Equations of Kirchhoff’s first law [cf(7)] are : 


— | = 
tld 


The equations for the compensating coil 21 ,, : 


dir 


L i —— ; 
Lig dt 


di” 
t10 
30 70 1 £10 dt 
= For the no-load branch we get : 
7d tld lad] dt 
38 
of 8° cme 1 7 
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diy lq 


Lid 


dis 
9 


30 lk L10 dt 

We consider above the branches of the primary and the secondary windings 
of transformer T 1, its no-load branch and the branch of the compensating coil 
as rL-circuits. If the mutual inductance between the phases of these branches 
may be neglected, the expressions of the parameters after simplying |10) for 


example, for the compensating coil 21), we get : 


L 


The equations for the capacitance C),/2 may be obtained from the identities 
(3, 5)... . (3, 7), given in [10] if we substitute in them 


Cil/2, = Ic 3q = = 


and 0, = 6, since at 3 (Fig. 1) the synchronous generator is not connected, and 


the voltage u, is directly referred to axes rigidly connected with the rotor of 
SG1, viz: 


c 
l \ i dt. 
30 Cy J C10 


The equations of Kirchhoff’s first law [cf (3)) are as 
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(13) 


We may get the equations for the line (r,;, L;) with the compensating capa- 


citance C....,, connected to it, for example, from the identities (7) and (12), viz: 


m 


dt 


+ 


dO, 


— 
lilq dt 


(16) 


The equations for the capacitance Co, /2 of the line will be analogous to 


(12), viz: 


wi —j =Q, || 
C10 bo 
4d 3d lid 
| d | 
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The equations for the compensating coil 2L com Will be analogous to (10) 


diy o4 


; 
Mi Load de 


di, 20 


40 L20 dt 


The equations of Kirchhoff's first law [ef (4)) are 


Since the way of considering the no-load current in the equivalent circuit 
is shown for transformer T 1, we will write down the equations for transformer 
T 2 without considering this factor. These equations may be obtained from the 
identities (1, 17) (1, 19) adduced in [10], if we consider that the voltage 
lef (4)) is referred directly to coordinate axes rigidly connected with the rotor 
of SG1; we have therefore to assume 6, = @,. Also having brought the symbols 
1 of [10) and Fig. 1 of the present paper into agreement, we get 


in Fig. 1, 
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We then get the branch of transformer T2 
U cos (0 ~0)+U sin(@ 
2d l 2 2q ] 2 


-L 


=l i > 
4d t2 t21 t21 dt 
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2 l 2 


cos —@) 
2d 2¢ l 2 


£20 


Since the equations of the individual circuit elements may be assumed to be 
known, the whole system of equations can be put together from the individual 
equations referring to its blocks, which we can immediately write down for each 
of the circuit elements. 

Should it be necessary to consider in any of the synchronous generators or 
compensating coils the dependence of the inductance on the state of saturation 
of the steel, this circuit element should be separated and its differential equa- 
tions be re-written in the proper form, based on the character of the magnetisa- 


tion curve. 

It should be noted that the equations for all the zero-sequence components 
form a separate system, to be solved independently of the other equations. Their 
number is 18 in the case of the circuit of Fig. 1. 


Determination of the total order of system of non-linear differential equations 
from structure of circuit 


On the above considerations it is possible to determine from the structure of 
the scheme, without writing down the actual differential equations, the total 
order to the latter. In doing this we have to bear in mind the following circums- 
tances: 

1. For a synchronous machine (generator, synchronous condenser or motor) 
with in-phase or quadrature damper windings the total order of the equations is 
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7*, if the circuit contains apart from this at least one more synchronous machine. 


i.e. a machine of magnetic or electric asymmetry (equations of system (1), exe ept 
the third) 


The order of the equation of motion of the rotor of each of the synchronous 


machines is 2 


If the circuit contains only one synchronous machine. the total order of the 


equations for it will be six, because in this case the differential e juation of the 


motion of the rotor will be of the first order and the angle @ will not occur in one 


of them (by change of the variables d?6/d@8s = dw/dt and d0@/dt = w the order is 


reduced by one 


Neglecting each of the damper windings of the synchronous machine re- 


duces the total order of its defferential e juations by one 
3. The total order of the differential equations of an induction machine is 5. 
This means that each induction machine connected to the system increases the 


total order of the system of differential equations by 5. 


4. The equations of Kirchhoff’s first law for the branching points are not dif- 


ferential equations and therefore, do not increase the total order of the equations 
of the system 


5. The stator circuits of the machines (stationary circuits) must be divided 
into the simplest independent circuits and their differential equations have to be 
set up for the in-phase as well as for the juadrature components. This doubles 


the order of the differential equations for each individual circuit. 


6. If a line, system or static load are represented by a coil with resistance 
and inductance, its series-connexion with the stator of anv of the machines does 


not increase the total order of the differential equations of the system. 


7. If the circuit comprises a transformer whose no-load current is not ¢ on- 
sidered, it is represented by a coil. If, however, the no-load current is consider- 
ed, the equivalent circuit contains a no-load branch (additional circuit), which, 
together with the necessity of considering the equations of the in-phase and 


quadrature components, increases the total order of the differential equations of 
the circuit by 


8. If there are no synchronous machines in the circuit (e.g. if one or several 


induction motors for static loads, etc., are supplied from busbars of infinite 


yower), it is not necessary to set up the equations separately for in-phase and 


quadrature components. If the complex instantaneous values of currents and 


voltages are introduced, a static load or transmission line (each of them separa- 


tely) will be represented by first-order differential equations, and an induction 


* This does not take into account the differential equations for the zero-sequence com- 


ponents. 
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motor by a third-order differential equation. In this case, the connexion of any 
further induction machine to the circuit increases the total order of the system 
of differential equations by 3. 

Let us determine the total order of the system of differential equations for 


the circuit of Fig. 3. 


FIG. 3. 


In Fig. 3. the stationary part of the circuit is resolved into three circuits, 


(a) The stator SG] — stator /M1; 
(b) Stator /M1 — line — stator /M2; 


(c) Stator SG2 — stator /M2: for each of which, if the in-phase and quadrature 
components have to be considered, the differential equation is of the 
second order, this resulting in the total order of six. Each of the syn- 


chronous machines makes a total order of the order of the remaining 


equations 5, and each of the induction machines involves a total order 
3. The total order of the differential equations for the whole circuit will 


therefore be 22 


In Fig. 1, if the no-load currents of the transformers T1 and 72 have to be 
considered, the stationary part of the circuit is resolved into 9 simpler circuits, 
for example, as follows. 

(a) Stator SG1 — stator /M1 (if it is necessary to consider in-phase and 


quadrature components, the order of the equations will be 2); 


(b) Stator /M1-no-load branch of the equivalent circuit of transformer 7] 


(Fig. 2) (order of the equations-2); 


(c) No-load branch of equivalent circuit of transformer 7]-compensating 
coil 2L) om (order of the equations-2); 
(d) Compensating coil 2L, ..,.,-capacitance of the line Cy) /2; 
9 


(e) Capacitance of the line Cy 2- line - capacitance of the line Co) 9 


(order of the equations-4). 


53 
15: 
& 
Us 
aD ld lg le a7 
& 
bey, 
“om eed: “tag: ‘age 
958 
viz: 
: 


Equations for the electromechanical transient in electric circuits 


(f) Capacitance of the line Cy, /2-compensating coil 215 .om (order of the 


equations-4); 


(g) Compensating coil 21.5 om -no-load branch of equivalent circuit of 
transformer 72 (order of equations-2); 


(h) No-load branch of equivalent circuit of transformer 72-static load SL2 


(order of equations-2); 


(i) Stator SG2-static load SL2 (order of equations-2); this adding up to a 
total order 24. From this figure the fraction concerning transformers 71 
and 72, lines and loads SL2, i.e. the static circuit elements amounts to 
a total order 18. For the two synchronous generators the total order of 
the determining equations is 10; for the induction motor, 3. 


We see, therefore, that the total order of the differential equations for the 


whole system will be 37. 


If the line is not represented by one member but by several 7 — or -type 
members, the fraction of the line elements (series, connected inductances and 
shunt-capacitances) in the total order of the system of the differential equations 
of the circuit will increase stil! further. This fact is very important in the choice 
of the method for solving the resulting system of differential equations. 


If the in-phase and quadrature damper windings of both synchronous generators 
are not considered, the total order of the equations will be reduced by 4, i.e. to 
33. If, furthermore, we neglect the no-load branches in the equivalent circuits of 
the 2 transformers, the total order of the equations is again reduced by 4, i.e. to 
29. If the two compensating coils 2L) .4—, and 2L9 com are also neglected, the 
total order of the equation is again reduced by 4, i.e. to 25. 


It is worth noting that in the last case again both synchronous and one in- 
duction machine together result in a decrease of the total order of differential 
equations by 13; the remainder, 12, refers as before to the transmission line. 
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THE INDUCTION LA® FOR AN ELECTROSTATIC MACHINE* 
A.A. BAL’CHITIS 
(Received 19 December 1956) 


Introduction 


The fundamental equations of the classical theory of electrodynamics, the first 
and second equations of Maxwell point to two possible methods of conversion of 


mechanical into electrical energy. For example, by the first equation of Maxwell* 


curl H = y 


(1) 


such a conversion is possible when an electric field changes with time, i.e. by 
mechanical action on the electric field it is possible to obtain the magnetic field 


connected with it in space. 
According to the second equation 


(2) 
ot 


curl F = 


it is possible to obtain an electric field by changing the magnetic field associated 
with it. 


The second equation of Maxwell was the generalized form of Faraday’s ex- 


perimental law of electromagnetic induction, viz. 
F=Blv, (3) 
which was discovered in 1831 and forms the basis of the design of a large variety 


of electric machines, covered by the general term “electromagnetic machines”. 


Machines working on the principle of a mechanical change of an electric 
field (Maxwell's first equation) are not nearly so widely used; they are known as 
electrostatic machines. These machines are used for obtaining high and very high 


voltages for research purposes. 


For a long time electrostatic machines did not find practical uses. The suc- 


* Elektrichestvo No.7, 11 — 14, 1957 [Reprint Order No.EL33}. 


' All equations are given in terms of the absolute practical rationalized system of units. 
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cesses in the development of the electromagnetic machines relegated the electro- 
static machines to the background. The development of electrostatic machines 
was also hampered by the absence of a satisfactory theory, since attempts at 
providing such a theory were based on the electrostatic theory. The electrostatic 
machine is a converter of one form of energy into another and to apply to it the 
laws of electrostatics is useless since the electrostatic field is characterized by 


the fact that energy conversion is impossible in it. 


The electrostatic machine has a number of valuable characteristics. Electro- 
magnetic d.c. machines for voltages over 15 kV are very difficult to produce. 
However, electrostatic machines of much simpler design for voltages of 5 to 5000 
kV and more can be built. Their ratings can reach several hundred MW at a very 
high efficiency. 

Soviet scientists have made important contributions to the research on elec- 
trostatic machines. A.F. loffe and V.M. Gokhberg developed a lucid theory of the 
electrostatic generator and designed a number of interesting electrostatic machines 
which found practical application [1]. 

A.E. Kaplyanskii presented in 1938 a general analytical theory of electromag- 
netic and electrostatic machines based on suggestions by Olendorf. 

In his paper [2] on a general theory of electric machines A.E. Kaplyanskii 
started from the equations of Lagrange and proved that the conversion of mechani- 
cal into electrical energy and vice versa is only possible by variable inductances 
or capacitances. 

The purpose of the present article is to obtain a fundamental law, the law of 
induction for the electrostatic machine, on the basis of an analysis of the opera- 


tion of an existing type of such a machine. 


Maxwell’s first equation must obviously be a generalization of this law. 


Operating principle and the working cycle of electrostatic machines 


Nearly all modern electrostatic machines work on the principle suggested by 
lopler [3] Let us consider the operation ofthe simplest electrostatic machine 


with independent excitation (Fig. 1). 


The electrostatic machine works on the principle of varying (by rotation of 
the rotor) capacitances, its main elements are therefore the electrodes | and 2 of 
the stator and the rotor, forming the variable capacitance of the machine. It is 
possible to design the rotor and the stator electrodes i.e., the active surfaces of 


the machine, in the form of cylinders, discs or rods [4]. 


Che commutators 3 and 4 are on the rotor shaft with the adjacent brushes 5 


and 6. 


The voltage — U, is applied to the rotor for the excitation of the machine. 
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AF. loffe recommended a working cycle for the electrostatic machine in the 
co-ordinates C, U or 0, U. Such a cycle is similar to the cycle of the ideal four- 


stroke steam engine. 


The co-ordinate system C, U (Fig.2) provides a clear representation of the 


potential variations of the conductor system representing the electrostatic machine 


during the variation of its capacitance. 


FIG.1. Basic circuit diagram of FIG.2. Working cycle of the ele« 
an electrostatic machine with trostatic machine in the C, U cor 
independent excitation ordinate system 
] and 2 stator and rotor elec- 
trodes respectively 53 and 4 . 
The co-ordinates (, U (Fig.3) enable 
commetators, 5 and 6 brushes, 


7 load the variations of the magnitude of the 
oac 


charges in the system to be represented 


in relation to the capacitance of the system 


In the position of the rotor of the machine shown in Fig.] the capacitance of 
the system stator-rotor has its maximum, viz. C,. The potential of the rotor is — 
U, and the potential of the stator L,. Asa 


result of the electrostatic induction the charge 


g, appears on the stator surface, equal in mag- 


nitude to the charge on the rotor surface but 
opposite in Sign lo this position of the 


machine correspond the points A and A‘ res- 


pectively, of the representations in the C, ( 
and (), L co-ordinates (Fig.2 and 3). Point A 
determines the value for the stator surface and 


point A‘ the corresponding value for the rotor 


surface. 
FIG.3 Working cycle of the 
electrostatic machine in the Q, Rotation of the rotor in a clockwise direction 


U co-ordinate system. alters the capacitance of the system. Since 
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the brushes 5 and 6 are insulated the potential of the stator will rise. During 
this process the charges on the stator and the rotor remain unchanged, viz. 


equal to C.U to which the part AB of the cycle in the co-ordinates Q, U corres- 


ponds. The voltage and capacitance vary, therefore, according to a rectangular 


hyperbola. 


During a % revolution of the rotor the capacitance of the system decreases 
P 


to 


Cc 


and the potential of the system rises to the vaiue 


q 2q 
 ¢, 


corresponding to point B of the operating cycle of the machine. 


When the rotor continues its revolution, the stator electrode, whose potential 
is now U,, is connected through the brush 6 and the commutator 4 to the h.v. 
terminal. When the capacitance decreases to its minimum value C,, the charge 


decreases to 


=(C,—C,)U, 


(point C). 


The stator is then disconnected from the terminal. The capacitance of the 


system with unchanged charge g, increases to the value C,, and simultaneously 
the potential drops to the value U, (point D). 


During the last part of the operating cycle of the machine, (section DA) while 
the capacitance increases from C, to C,, a charge equal to 9: — 9, is absorbed 


from the low voltage source. 


During a full working cycle a charge equal to g, — g, passes therefore from 


the source at potential (, to the h.v. electrode at potential U,. 


The mechanical energy required for the transfer of charges from the equi- 


potential surface Ll, to the surface U, is given by 


W =(9, —q,) (U,—U,) 


0 


The electrostatic machine is reversible and the whole cycle can be carried 
out in the reverse direction. In this case the h.v. source gives off its charge and 
the low voltage terminal receives it. The difference of the energy values of the 


h.v. and the |.v. sources is converted into mechanical energy. 


We have considered the operating cycle of an ideal electrostatic machine. In 


an actual machine it is necessary to consider the losses determined by friction, 


ohmic and dielectric losses in the conductors and insulators respectively, etc. 


The magnitude of the maximum voltage Unay developed by the generator 
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(point FE, Fig.2) is determined by the minimum possible capacitance C,, while the 


system is disconnected from the high voltage terminal from the condition: 
=CU aay = const 


The current at maximum voltage is zero because then C, = C,, whence 


Thus, Unay is the no-load voltage of the machine. 


According to the general theory of electric machines, the equations determin- 
ing the electrical condition of the machine are the voltage equations for machines 
based on the principle of electromagnetic induction, and the current equations for 
electrostatic machines. If the internal losses of the electrostatic generator are 


neglected, a current is induced in it. Its voltage depends on the load. 


Thus, if after one cycle of the electrostatic machine the charge delivered at 
the high voltage terminal is, a charge equal to ng will have been delivered 
after g revolutions per 1 second. The load current is calculated from the equation 


i ng =(C,—C,)a-U, (4) 


> 
When U, and the speed remain constant, the tenerator will supply a mean cur- 


rent of constant magnitude 
Equation (4) can be simplified by putting C, = 0 which is the case in an ideal 


machine: j C,-n-U (5) 


The induction law for the electrostatic machine 


Equations (4) and (5) yield the mean value of the current induced by the elec- 
trostatic machine. To obtain the instantaneous value of the current, it is necessary 
to separate section BC from the working cycle (Fig.2) since the current flows into 
the external circuit load only at this instant. During this part of the working cycle 
of the machine the instantaneous value of the current is determined by the equation 
, aC 

or in the general case, 
ixU de (6) 
dt’ 
which has also to be used as a basis for deriving the induction law for the electro- 
static machine. 


The working capacitance of the machine is determined by its geometric dimen- 
sions and by the value of the dielectric constant, eo,0f the insulation which fills 


the gap, 5,of the machine: 
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where s = a.\b is the overlap area of stator and rotor electrodes, 
a the linear extension of the electrode at right angles to the direction of 


rotation, 
\d the increment of the linear extension of the electrodes in the direction 


of rotation. 


Substituting the value of C in (6) we obtain: 


_ d (Ab) 
dt 


(7) 


Equation (7) can be considerably simplified and put into a form analogous to 
the electromagnetic induction law, viz. 
[== D-a-v, (8) 


étol 

where = — 

db 

v =— the linear velocity of the rotor electrode. 


dt 


is the electric displacement (induction) in the working 


gap of the machine; 


Equation (8) represents the induction law for the electrostatic machine. 


rhe similarity of the law of the electromagnetic induction (3) and the induc- 
tion law for the electrostatic machine (8), is not incidental since, similarly to 
Maxwell’s first and second equation, they express the same physical electromag- 


netic process of the field in which the forces of electric and magnetic nature 
appear. 


When the overlap of the stator by the rotor electrodes varies by the amount 


ds=adb 


the corresponding change of the flux of the electric displacement vector N is 


dN=Dds=Da db. 


In unit time the flux of the electric displacement vector varies by 


D.a.v 

Comparison of equations (8) and (9) yields a new expression of the induction 

law for the electrostatic machine 


dN 
(10) 
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i.e. the current induced in the machine equals the rate of change of the flux of the 


electric displacement vector in the working gap of the machine. 


Equation (10) is easily related to Maxwell’s first equation (1). Therefore 
Maxwell’s first equation is the most general expression ofthe induction law 


(current induction) for the electrostatic machine. 


In the general case, when the electrode-conductor has an arbitrary shape and 


moves in a non-uniform electric field we can write the expression for an infinitely 
small current di induced on the part da of the electrode surface. Let da be a vec- 


tor at right angles to the conductor axis in the direction defined as positive and 
of magnitude equal to the width of the surface considered. If the velocity vector 
makes an angle a with vector a (Fig.4), the area traced out by the conductor sec- 


tion da during the time dt is ds = v dt da sina. 


Representing this area by the vector ds in a 
d= faaojat direction perpendicular to it, we can write 


ds =(da dt) = (da dt, 
where [da wv] is the vector product of da and v. 


The flux of electric displacement 


dN =D. d= = de, 


incident on this area induces in the segment da 
during the movement of the conductor in time dt 
the current 

FIG. 4. dN 


di = — =D (da (11) 


Assuming as positive direction of the vector of the electric induction that 
pointing towards the surface of the conductor, the direction of the induced current 
in the conductor coincides with the direction of the change of the electric field 
with respect to the conductor. 


The current in the external circuit of the machine is set up as a result of the 
“displacement” of the stator charge during the decrease of the capacitance of the 
stator-rotor system; forthis reason it makes no sense to ascribe a certain direction 


to the current in the stator electrode of such a machine. 


Conclusions 


The electrostatic machine considered, with a working cycle similar to that of 
a steam engine clearly illustrates the present state of the development of the 
theory of these machines. Only a small part of the working cycle is used for 
generating electric current, the rest being taken up by preparatory operations. 


Further developments of the theory of electrostatic machines shuuld lead to the 
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production of new and improved designs of such machines, to be used not only in 
physical research laboratories but also for industrial purposes, particularly in the 


field of long-distance d.c. power transmission. 


Definition of symbols 


vector of the magnetic flux density; 
vector of the electric displacement; 
vector of the electric field strength; 
vector of the magnetic field strength; 
energy; 

velocity vector; 


1S 25101 


conductivity. 
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GENERALIZED METHOD OF INVESTIGATING THE TRANSIENT 
PROCESSES IN ELECTRIC DRIVE SYSTEMS * 


D.P. MOROZOV and YU.A. BORTSOV 
(Received 28 November 1956) 


The investigation of the transient processes in various and complicated systems of 
electric drives enables the optimum operating conditions of the driven mechanisms 
as regards the economy and output to be selected. To reduce the differential equa- 
tions of these processes for circuits with rigid and flexible closed loops is a dif- 
ficult task which often confronts the designer. It is particularly so where the 
general differential equation of the transient process of an electric drive has to be 
written down for different initial conditions. For example, starting, reversal and 
braking of a motor at a steady speed take place with what is known as “natural” 
initial conditions. In this case only the initial values of the variable and of one 
or two of its higher derivatives cannot be zero. However, when the value of a 
disturbing effect or of any circuit parameter varies at a time at which the system 
was still in a transient state, all the initial conditions will differ from zero. Ex- 
amples are to be found in braking before the speed is steady, or the action of 


“cut-offs”, etc. 
We will make a few preliminary remarks, viz, 


1) The coupling coefficient between control windings placed on a common 
core in an electric machine is according to experimental findings considerable, 


viz. of the order 0.85-0.9. The resultant flux then varies with a time constant ap- 


proximately equal to the sum of the time constants of all the control windings. 


2) In an amplidyne the time constant of the first stage may be comparable to 
the time constant of its short-circuited circuit. Itis, therefore, necessary to 
consider the parameters of both stages of the amplifier in writing down the dif- 
ferential equation. 

3) In setting up the basic equations it is not necessary to use the coefficients 


of mutual inductance between the windings. The derivation becomes simpler and 


more lucid if the setting up of these equations is based on the resultant magnetic 


flux [1 and 2}. 


* Elektrichestvo No.7, 19-24, 1957 [Reprint Order No. EL. 34]. 
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4) In setting up the general differential equation of the system for various 


operating conditions it is recommended to use a method according to which 


a) all the variables are written in the form of an algebraic sum of the initial 
value of the given quantity obtaining at the end of the preceding state of operation, 
and the increment of this variable quantity during the new stage of the transient 
process. For example, speed and current of the motor are written as follows: 
n=Not+n'; ia=I1g, + ig, where ng and /,, are speed and armature current of the 
motor, respectively, e.g., at a “cut-off”, and n‘ and i; the increments after this 


instant; 


b) the equations of the preceding operating conditions are calculated from 
equations put together in a similar way. As a result, the system of differential 
equations for the deviations is obtained; this can then be solved with respect to 


the required variables (current, e.m.f., speed of the motor, etc.). 


The setting-up of the differential equations is based on operating conditions 
characterised by “natural” initial conditions, i.e. the conditions of “standstill”. 
In the general case they may also be non-zero, for example, for conditions of 
braking and reversal from steady conditions. This case is the simplest one. The 
circuit shown in Fig. 1 is used for a number of mechanisms in the metallurgical 


and mechanical industries. The desired voltage U is supplied by a potentiometer; 


all the control windings link with the total resultant flux ®,, 
Parameters of the reprint winding: 
r, resistance; 5, susceptance. 


uw, number of turns; L, induc- 


i 
tance; 7, time constant; § pro- 


portionality factor between 


ampere-turns of control, winding 


and e.m.f. of the short-circuited 


circuit e.,; &, = w, B proportion- 


ality factor between control cur- 


rent and e.m.f. of the short- 
FIG. 1. Cireuit generator-motor with negative rigid circuited circuit e sh; ™,= 
feedbacks of generator voltage and motor current. u,8/r, voltage amplification 


i; 


factor (gain). 


The parameters of the second and all the other windings are denoted similarly. 


Other symbols used: R, total resistance of the armature circuit generator-motor; 
6 = GD* R,/375 c, ¢,, electromec hanical time constant. 

Let us set up the equations for zero initial conditions, characterising no-load 
starting of the motor (M/. = 0). In doing so, 


a) we neglect the leakage of all the magnetizing windings; 


b) we linearise the magnetization curves of all the machines; 
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c) we neglect the electromagnetic time constant of the main circuit: 


d) we do not consider the active resistance of the generator in setting up the 
fundamental equations of the feedback circuits. 


The equations are as follows: 


(3) 


From this system of equations we derive the general differential equation in- 


volving the current and the motor speed. Considering that d?. dt= | Re desis dt, 


(1) may be written for the first winding in the following form 


Divining all the terms of (4) by 7, and multiplying into w,8, and furthermore con- 


sidering that wi ~ T,, we get 


Let us note that the negative sign before the second term in (6) and (2) indi- 


cates that the e.m.f. induted in the winding 2 by the resultant flux ®,. sets up a 


current opposing the flux increase. Consequently, the e.m.f. in winding 2 


2 coincides 
with the direction of ¢ . (for rigid negative feedback). The same is the case in the 


negative current feedback loop. 


To complete the setting-up of the general equation it is convenient to cast it 
in operator form | ti. wiz 


for the first contro! winding 


“i 
di (1) 
| 
at 5 ) 
or the 
circuit of winding 2 we get an analogous equati 
= 
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for the second control winding 


for the third control winding 


m.i R 
i 


From (7) we subtract (8) and (9) term by term and, considering that (i, w — 


P= Foy, we get 


mt. 


prt 


(7 T 


Furthermore, usigg (1) - (3), we find successively e¢, e, and, lastly, i,: 


The speed of the motor is found from (3), viz., 


i 
n 


(i+ + (1+ 6p)+ myn (l+6p) + Rib tm 


We will show that (11) and (12) may also be used for considering the transient 
process on braking the motor from some steady speed n,. We will not only set up 
the equations for the same drive system, but also consider the initial conditions; 
as such we assume constant values of the fluxes (or currents) and e.m.f.’s which 


existed in the motor circuit when the motor operated at a steady speed. 


We get 


The equations of the “statics”, characterizing the preceding process of braking 
conditions of the motor (F,9 = /,,7,, etc.) are subtracted from the corresponding 
equations of the system (13) - (15). Considering that all the differentials of the 


constant values d@?_,, /dt, dl no dt 9 dt vanish, we get the following system 


of equations for the deviations of the variables: 


| 
= — T,pe (8) 7 
mU R, 
(10) 
- m, ah p | 
a yil 6p) mm ml mp. (11) 
= 
Bh 
} 
) 
e = +-i,) — — 
(15) 
a a 5 od dt 
m 
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Let us denote /,o7, = Ue; equation (16) is then written as follows: 
de 
at 


As a result we get the solution of the system of equations (16) - (18) with 


, 


respect to i 


la 


In substituting the numerical values of the parameters into (19) we have to 


c onsider: 


a) that in the denominator the time constant of the variation of the direct-axis 


flux 7. = 7, + T, + 7, assumes a new value, since the constant 7, increases 


with decreasing resistance r,; 


b) in the numerator the variation of r, during braking acts differently on U, 


and m,. When r, increases, the leap in the effect of U, also becomes greater. 


Simultaneously, the second factor, viz. the voltage amplification factor m,, de- 


creases in the same ratio. Thus, the value of the numerator as a whole remains 


unchanged. Only its sign changes, indicating that the armature current in the main 


machines has now the opposite direction to that during starting. 


This method may also be used in investigating processes such as the rever- 


sing of a motor from any steady speed to a given speed in the opposite direction 


and any other analogous cases characterised by “natural” initial conditions. 


It is more difficult to investigate processes with non-zero initial conditions 


throughout. Let us examine one of these cases. 


q 


One of the frequently occurring operating conditions of motors driving certain 


mechanisms (operating train of a reversing rolling mill, traversing mechanism of 


the table of a planing machine, etc.) is the braking from an unsteady speed, taking 


place at an instant at which the running-up of the motor is not yet completed and 


the cutting-out of the reference input voltage or the change of its polarity has oc- 


curred. 


lo set up the general differential equation of the current and the speed of a 


motor operating in a generator-motor system with closed loops (Fig. 1) we use the 
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system of equations (13) - (15). Each variable was written as a sum of the initial 
values and its deviations. However, allowance has now to be made for the fact 
that in all the circuits containing inductances the voltages (e.m.f.’s) applied are 


balanced not only by the active voltage drops, but also by the self-induced e.m.f.’s. 


The solution of the simultaneous equations (13) - (15) with respect to ig leads 


to the following expression: 


__ (E, — Tor) (1 +7, p) (1 + Typ) + 
(1 Typ) (1 + Typ) X 


<(1 + Typ) (1 + Op) + mym_m, 


m,| 


Hence, by use of (15), transformed to the form 


the following expression for n° 


It should be noted that (20) and (21), set up for the special case of braking 
from an unsteady speed, may be used as general differential equations of a typical 
control circuit with amplidynes and with current and voltage feedbacks. * It is pos- 
sible to get from them without derivation the equations describing any desired 


transient process such as starting, braking, reversal, etc. in circuits 


a) with negative or positive current and voltage feedbacks or only one of 


these); 


b) with “cut-off” of voltage, and current feedback; 

c) with separate current and voltage “cut-offs”; 

d) with current “cut-off” and voltage feedback; 

e) with an amplidyne working as generator in a generator-motor system; 


f) with an ordinary d.c. machine working as an exciter of a generator. 


From the general differential equation it is easy to obtain the equations for 


operating conditions with zero initial conditions, which were set up above for 


For this purpose it is only necessary to add the term m,m shm,0%p U in the numerator 
of (20); this expresses the presence of the reference quantity U at the input of the con- 


trol system. 


— 
a 
(Eg — (14+T yp) — mm — mgm, m, 
Tt 4 n 
Too (1 + Typ) (1+ + To) + 
T a 3, 
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— 
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starting and braking from steady-speed operation; Cf. (11), (12) and (19). The set- 
ting-up of the equation of the transient processes in circuits with “cut-offs” must 
be carried out by stages according to whether the circuit elements are connected 


up or not. The initial conditions have to be determined separately for each stage. 


Starting a motor in a generator-motor system with negative current 
feedback and voltage “cut-off” 


Let us set up the differential equation and represent the transient processes 
n(t) and i,,(t) for the circuit of the drive shown in Fig. 2. In this case the whole 


starting period has to be divided into two stages. 


First stage, i.e. up to the establishment of the voltage feedback, when the op- 
posing voltage \ U of the potentiometer is greater than the rising generator vol- 


! cho 0; there is no voltage feedback (m, = 0); the time constant of the first 


tage ¢ ; we have zero initial conditions, viz., Eso E 
amplifier circuit T. = T, + T,; the reference (input) voltage is U. 


Under these conditions we obtain from (20) and (21) 


i= — 
Ty py Typ) (1 + (1 + Op) + Rib mp 


The second stage, i.e. alter the “cut-off” has begun to act, when ey is greater than 
\U, and their difference (e, — \U) begins to supply the demagnetizing ampere- 
turns of the voltage feedback (winding 2). The initial conditions (E49, 4, 
lag) will be non-zero. When the effect of the “cut-off” begins, Feo - AU =0, 
in (20) is zero; the time constant = 7, +7, + 


and the term F ,, 


the input voltage U remains as before. 


Under these conditions we get from (20) and (21) 


sh 
p)(i + Typ) x 


6b ap (Ego — (1 + Tp) (1 + Top) + 


r 
mm, (Exo 


+ Typ) (1 + bp) + 


Tp) mym — 
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— mm, E 


mgm m,/ — 
+ myn m, (1 + 6p)+ 


— 


— Tyg + Ty + Ty p) (1 + Tap) + amy mg 
+ mg 


Determination of the initial conditions. To determine the initial conditions it is 


necessary to know the values of the variables involved at ¢ = tg, i.e. the time of 
the “cut-off”. This requires the functions e, (t), e, (¢) and e .;,(t) to be calculated. 


We use the system of equations (1) - (3), thus, 


(1 + Op) mym m,U (1 + 6p) 
~ Obop 8; (p) 


(1+-T,p) = 


U (1 + Typ) (1 + 6p) 
8; (p) 


mU (1 + + Top) (1 + 8p) 


(1+7,p)= — te (28) 


where @, (p) is the characteristic equation of the system during the first stage of 


the start. 


U 


== 

33 


FIG.2. Generator-motor system with negative current feedback and voltage “cut-off”. 


The variation of the individual variables in a closed automatic control system 
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follows the same characteristic equation. This fact also exists in the case con- 
sidered, and simplifies the calculation of the roots on determining the initial con- 


ditions. 


We find the initial conditions from (26) - (28) for ¢ = 0, viz., 


(29) 


(30) 


Example. It is required to determine the transient speed and current processes on 


starting a roll-train driving motor in a generator-motor system with negative feed- 


back and voltage “cut-off” (Fig. 2). 


Data of the electric machines: two series-connected separately-excited motors 
of type MP-82, P, = 100 kW, U, = 220 V, n, = 475 rev/min., /, = 500 A; gener- 
ator rating P, = 320 kW, U, = 460 V, n, = 485 rev/min; I, =700 A; amplidyne rat- 
ing P_ =4.5 kW, U_ = 230 V, = 2935 rev/min, = 19.6 A,/ ,=5.9A,r_.= 

A n n n sh sh 


0.85 2. 


The basic data of the static calculation are collected in the table. 


We will assume that the static torque, only due to the friction losses, is zero, 
this being a characteristic feature of the drive of a rolling train and enabling 


equations (22) - (25) to be used without any change. 
First stage. T. = T, + T, = 0.0214 + 0.0143 = 0.0357 sec; m, = 0. 


Substituting the values of the parameters into (23) we get: 


1010 
p (0,00 92p4 4 0,041 + O51 p? + 3,37 p 
A(p) 
pB (p)* 
The roots of the characteristic equation: p, = -0.305; = -30.5:p,,, = -7.25 + 
q Ps Pa ; 


Using a well-known expansion theorem, we find the original, viz., 


A(p,) e?i* 
B - pap, 
= 1010 — 1 +. 2. + 


cos 8,04/ +- ™ sin 8,047. 
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Considering that i, = GD*/375c ,, x dn/dt, we find the expression for the cur- 


rent during the first stage of starting, viz., 


i (t) _ 969¢ _63 cos 8 O4¢ — 
— 1 sin 8,04¢. 


The expressions n(t) and i(t) are represented in Fig. 3. 


Determination of the initial conditions. We will assume that the “cut-off” becomes 
effective at the motor speed n = 0.8n, = 380 rev/min., this corresponding to the 
time ¢ = ¢,= 1.78 sec, when the current /,9= 520 A, and the generator e.m.f. 


loka + %%q = 365 V. To solve the equation for the start at the second 


a0 ‘a 


stage, it is still necessary to know the initial values of E,. and E,,9. Their deter- 


mination is carried out by finding the originals of expressions (27) and (28). For 


t=t, = 1.78 sec, Ey = 161 V, E sho= 3.6 V. 


rev/min 
son 


400 


FIG. 3. Curves of the transient process on starting the 
motor in a generator-motor system with current feedback 
and voltage “cut-off*. 


From (30) we get 


= = 365/3.83 x 6 = 16 A, 


Ew sh™ 3.95 A. 
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Second stage. We use (24) and substitute the numerical values of the parameters 


into it. We consider also the value 7. = 7, + T, + T, = 0.0477 sec. 


The solution of this equation furnishes an expression for the current of the 
motor during the second stage of the start, viz., 


— cos 7.544 + sin 7.54/. 


n(t) can also be obtained by graphical integration of the curve of i, (¢) (Fig. 3). 


It is possible to draw some conclusions 4s to the nature of the circuit and the 
correct values of the parameters from the plotted curves of current and speed of the 
motor. For example, the duration of the transient process is, without any doubt, ex- 
cessively long. To obviate this shortcoming, the forcing must be considerably in- 
creased and the voltage amplification and other parameters of the control circuit 
altered accordingly. It is advisable to use separate current and voltage “cut-offs” 


instead of the basic circuit considered. 


The method discussed was investigated experimentally on several variants of 
the control circuit. Comparison of the theoretical and experimental results revealed 


differences of the order of 10-20 per cent. 


Conclusions 


1. A method of setting up the differential equations of controlled electric 
drive circuits for operational conditions characte rized by various initial conditions 


is presented. 


2. The differential equation is derived for a number of types of electric 
drives with rigid feedbacks and “cut-offs” of voltages and current. The equation is 


suitable for the case of a constant load at the motor shaft. 


3. It is proposed to extend the investigation to setting up the equations for 


circuits with flexible feedbacks. 


TABLE lI. 


Time 
constants T, = 0.0214 . T, = 0.0143 


(sec) 


Amplification m, = 0.0455 m, = 0.0272 | m, = 0.24 a) 48 
factors 


Other 


R_ = 0.0396 (ib = 25.2 R.= 0.016 U=110 V 
parameters a a 
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CORONA LOSSES ON LIVE TRANSMISSION LINES * 
V.D. KRAVCHENKO, V.I. LEVITOV and V.I. POPKOV 
(Received 7 February 1957) 


The corona loss on an energized transmission line constitutes only a small fraction 
of the transmitted energy and is commensurable with or sometimes even smaller than 
the heat loss. Therefore, it is practically impossible to determine this loss by 

separating the current component which corresponds to the corona loss from the total 


line current as measured by conventional methods. 


The corona loss is due to the cross currents, that is, the currents that flow be- 
tween the conductors and between the conductors and earth. If it were possible to 
measure quantities which are proportional to these currents, or to their corresponding 
charges this would be the best solution of the problem of measuring the corona 


losses on energized lines. 


Fig. 1 shows an arrangement consisting of a single phase-conductor, 1, and an 
aerial, 2, which is earthed through a measuring element 7 connected to the middle of 


the aerial. 


The e.m.f. induced electromagnetically in an aerial isolated from earth is so dis- 
tributed that it is zero at the middle of the aerial |1 |. Therefore, if this point is 
earthed through a measuring element Z, no current can flow in the element owing to 
the magnetic field of the line. The current which flows in the element is determined 


only by the electrostatic coupling between the line and the aerial. 


The minimum height at which conductors are suspended on conventional lines 
is 7—8 m. At this height the space charge in the region © (Fig. 1) is distributed 
practically symmetrically with respect to the conductor axis, i.e. the space charge 
density depends only on the distance from the axis of the conductor of the element 
of charge considered. Consequently, the integrated electrostatic effect of the space 
charge on the aerial is the same as that of a linear charge of equal magnitude placed 


at the axis of the conductor. 


For sufficiently smal! values of the impedance 7 the relation between the charge 


on the aerial and the total charge of the conductor is given by: 


(1) 


* Elektrichestvo No. 7, 31 — 34, 1957 | Reprint Order No. EL 35 |. 
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fl —-mutual potential coefficient of the aerial and conductor; 


-self potential coefficient of the aerial (a, is the radius of the 
aerial wire); 4 q, g, -total charge of conductor per unit length (4, is the 
charge on conductor surface and qx is the integrated space charge); 4, - charge per 
unit length of aerial. 


Thus, the charge on the aerial which is earthed at its middle point is proportion- 


al to the total charge enclosed in the region GC, i.e. is determined by both the charge 


on the conductor surface and the space charge due to corona. 


FIG. 2. 


Also, the coefficient of proportionality a,,/@,, is a constant quality depending only 
on geometrical dimensions of the conductor-aerial arrangement. These circumstances 


make it possible to use aerials for corona loss measurements. 


Three aerials are necessary for measurement on three-phase lines. Fig. 2 shows 


a possible arrangement of aerials placed directly under the three phase conductors. 


In this case the relation between the total charges on phase conductors qa, 7p and 
qc. and the charges on earthed aerials 9:, 9: and q; is given by the following system 


of equations: 
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Gip = = = Gy 43 = are self and mutual potential coefficients 
determined from the geometrical dimensions. 


By solving the system of equations (3) with respect to conductor charges V4> Ip 
and Ic, we get 


The coefficients A and C’; are composed of potential coefficients a; which 
appear in (3). For example, 


where A— a, (a; 
(3); 


Fn); 


It follows from (4) that the sum of the products of charges on the three aerials, 
and q,, into their corresponding coefficients B and give the total 


charges on the phase conductors, q4, 9p and ¢-. 


hither capacitors or resistors can be used as the measuring elements. In the 
first case, the voltages across the elements are proportional to the total charges of 
phase conductors and in the second case, to their time derivatives, that is to the 
cross-currents of the line. However, it is preferable to choose capacitors since in 
this case the measurement will be practically unaffected by the possible h.f. pick- 
ups of the aerial. 


The voltages on the measuring capacitors are given by: 


gil 


where U; - voltages on the aerials; q;- charges per unit length of the aerials; 


-lengths of aerials; C -measuring capacitances. 


If follows from (5) that the input voltage to the measuring circuit depends not 
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only on the coefficients a; (which are determined by the geometry of the conductor- 


aerial arrangement) but also on the lengths of aerials and on the values of the me 


measuring capacitors. The choice of the ratio //c is governed by the magnitude of 


the voltage required at the input to the measuring circuit, i.e. it depends on the 


sensitivity of the measuring device. 


The length of the aerial should be such that the part of the conductor catenary 


which is above the aerial can be taken as being parallel to the ground.* For example 


for 220 and 400 kV lines with spans of 450 m this condition is satisfied by an aerial 


50 m long placed at mid-span. With this aerial suspended at a height of 0.5 m and 


with measuring capacitances of the order of 0.) uF the voltage on the aerial is about 
8 to 15 volts. 


From the above, a block circuit diagram may be drawn for a device for measuring 


the corona loss on energized lines. Such a diagram is shown in Fig. 3; 4, 2 and C 


ire line con ductors; 1, 2 and 3 aerials; C,, measuring capacitances; 14, 18 and 1C 


voltage transformers or voltage dividers; 


58 


FIG. 4. 


24, 28 and 2C are elements multiplying 


the voltages corresponding to aerial 


charges 4, 9, and qs by their corresponding 


coefficients 4%, B; 


ment carrying out the summation of the 


and C’%;; 3A is an ele- 


above products. (s a result of this summa- 


tion we get a voltage (or current) out put 


proportional to the total charge of phase 


conductor 4; 44 is a wattmeter of some 


sort. 


To increase the accuracy of corona loss 


measurements, particularly at small values 


of loss, it may be necessary to compensate 


FIG. 5. for the reactive component of the charge q 4. 


* In general this condition is not essential, since the effect of the caternary can be taken into 


account, when calculating potential coefficients. However, it simplifies calculation, if this 


condition is fulfilled. 
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180 Corona losses on live transmission lines 


Such a compensating voltage may be applied to the integrating element 34 by a suit- 


able device indicated by 3 “4. 


kor simplicity the measuring circuit 1s lrawn for one ph ise only , the circuits 
for the remaining two phases are identical. 


The assumption made above about the symmetric il distribution of the space 


charge due to corona with respect to the conductor axis was v urified experimentally 
in the laboratory. A three-phase transmission line model having the following 
dimensions was set-up: viz. line length - 14.5m; height of conductor suspension 
2m; interphase clearances - 1.3m; diameter of polished steel conductors - |mm. 

\s aerials copper conductors of 0.83mm dia, having the same length as the model 
line were used. One aerial was placed under each phase conductor at a height of 
0.27m above the ground and was earthed through a capacitor. The voltages on the 
capacitors which are proportional to the charges on the respective aerials were app- 
lied in turn (using a spec ial synchronizing leviee) to the de fle« ting plates of the 
CRO and photographed on the same plate. Hach osc illogram contains therefore three 
voltage records. \ sample oscillogram obtaine | with a phase-to-earth voltage of 


l 64 kV, is shown in Fig. 4. 


It is seen from this oscillogram that the curves of the charges on the aerials 
are irregular and differ from enc h other. The implitudes of the charges on the ex- 
ternal aerials are approximately the same, but the amplitude of the charge on the 
middle aerial is about one-half of that of each of the outer aerials. By multiplying 
the ordinates of the curves by their respective coefficients 1‘, Bi, and C%, and 


adding, we get curves corresponding to equations | 1) which are shown on Fig. 5. 


It follows from the above that the curves of Fig. 5 should be identic il with the 
curves of the total charges of the experimental conductors in corona conditions. To 
compare these two sets of curves, an osc illogr aphic rec ord of the volt-« oulomb 
characteristic was obt ruined for eac h of the three line con luctors. The recor ling cir- 


cuit for one phase only is shown in | ig. ©. In this figure the volt ige across the 


capacitor ( q which is proportional to the total conductor charge, was applied to one 


pair of deflecting plates of the CRO an | the voltage across one arm (C,) of the 
capacitance potential livider which is proportional to the voltage of the h.v. trans- 


former 7, was applied to the other pair of deflecting plates of the CRO. 


With such a circuit the trace on the CHO screen has the form of a closed loop 
which is known as the volt- oulomb characteristi« The area enc losed by the loop 
is proportional to the energy loss due to corona for one cycle of the alternating vol- 
tage 

The volt-coulomb characteristics obt sined for the conductors of the experimen- 
tal line by direct measurement at a phase-to-e uth voltage of / ph kV..o, are shown 
in Fig. 7 (curves drawn in continuous lines). The curves drawn in broken lines re- 
present volt-coulomb characteristics constructe | from the data obt rined from the 
serial measurements (the curves of big. 5 and oscillograms of phase-to-earth volt- 
ages on the conductors recorded si multaneously with the records of the charges on 


the aerials), using the same voltage upplied to the line. 
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Corona losses on live transmission lines 


\ good measure of agreement is shown between the volt-coulomb characteristics 
obtained by the two methods considering the amount of error introduced by the inter- 
mediate calculations and constructions in deriving the final curve from the experimen- 


tal data. The two sets of characteristics agree well as regards the amplitude of the 


coulomh 


m 


phase A 


coulomb 


phase B 


charge, the shape of the curve, and the area jL coulomb 
enclosed by the curve (the last factor being 
of importance from the point of view of corona 


loss measurement by means of aerials). 


[he construction of total charge and volt- 
coulomb curves was performed for different 
phase volt igesuptoa value ex eeding three 
times the critic al corona inception voltage. 


In this way values of corona loss were ob- 


tained for the experimental line for a wide 
range of volt iges. These losses are indic ated 


by crosses on Fig.8 on which are also 


plotted corona losses lerive | from the volt- 


coulomb characteristics obtained by direct 
measurement. It is seen from this figure that 


the losses obtained by both methods are 


practic ally identical. 


Thus. experimental investigations confirm 


the possibility of measurement of corona loss 


on live lines by means of aerials and also of 


verify ing the correc tness of the issumptions 


made. 


In conclusion it should be mentioned that 


apart from its upplic ition to corona loss 


measurement the method presented can also 


be used for investigating other problems; for 
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Corona losses on live transmission lines 


example, the distribution of losses along the conductor span, the measurement of 


charges, etc. 
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ANALYSIS OF THE STATIC STABILITY OF COMPLEX 
POWER SYSTEMS BY ELECTRONIC COMPUTERS* 


L.V. TSUKERNIK and N.A. KACHANOVA 
(Received 7 January 1957) 


In the lay-out of installations for the automatic control of the operating conditions 


of power sy stems, parti ularly having regard to their interconnection and the erec- 


tion of long-distance transmission systems, stability investigations have to be 
carried out very thoroughly; this refers particularly to the methods of preventing 
“hunting” under certain operating conditions of the system and as an effect of a 
possible variation of the system parameters. For such an analysis electronic 
computers can be used with great advantage. 

It is obvious that this has not to be understood in the sense of a preference of 
electronic digital computers to network analysers which are very suitable indeed 


for the solution of such problems. 


Principles of programming stability calculations 
The problem of analysing the steady-state stability of a complex, automatically 
regulated power system may be divided into the following main stages: 


1) Calculation of the coefficients of the characteristic equation of the system; 

2) Calculation of the stability criteria; 

3) Determination of the limits of the stability range in the space of the given 
parameters. 

The calculation of the coefficients of the characteristic equation is prepara- 
tory, but a very significant and a difficult part of the work. It is convenient to 
represent the equations of the disturbed movement of the power system in matrix 
form, after which it is easy to obtain an algorith™ for programming. The elements 


of the initial matrices are determined directly from the data of the usual electrical 


calculation of the initial conditions of the power system and from the parameters 


of the machines and automatic regulators. 


The writing-down of the equations of the disturbed movement of the power 
* Elektrichestvo No.7, 39~ 45, 1957 (Reprint Order No.EL 36). 
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184 Analysis of the static stability of complex power systems 


system, the transformation into matrix form and the method of finding an algorithm 


for programming were described in detail in special papers [1 and 2]. We only 


note here that the programme of the calc ul tions on an electronic digital computer 


comprises the levelopment of the characteristic determinant. whose order equals 


the number of Siations itn the e juivalent circuit used and whose elements are 


operator polynominals with real coefficients 


The calculation of the stability criteria will preferably follow a programme 


corresponding to Routh’s well-known algorithm [3] because having thus obtained 


a sequence (recurrence) of simple arithmatical operations remaining equal for 


characteristic equations of any order. In this respect stability criteria in the 


form of Hurwitz determinants [3] are less suitable for programming. 


However, in analysing the stability of systems with automatic regulation it is 


desirable not only to test the stability under given conditions but above all, to 


clarify the effect of various factors (the parameters of the automatic regulators, 


parameters of the main equipment, etc), for which it is necessary to determine the 


limits of the stability range in the space of the parameters of interest for the 


analysis. It is most convenient to use for the solution of this problem two-dimen- 


sional representation as functions of two selected parameters. Series of such 


diagrams obtained by varying the other parameters, the influence of which we want 


to investigate, may be collected to form an “album of stability ranges”. 


The determination of the limits of a stability range in the plane of the given 


parameters is programmed by using “logical” operations to be carried out on an 


electronic digital computer, with systematic use of the calculation of Routh’s 


criterion as a “sub-programme”. The scheme of the programme is as follows. 


We feed into the machine as initial data the coefficients of the characteristic 


equation, represented as function of two parameters, for example the coefficients 


of the regulation of the excitation of the generators of the power system. In the 


automatic mechanical calculation process these parameters are given successive 


number of numerical values with a fairly small numerical difference (step). For 


each pair of values Routh’s criterion is calculated continuously. Simultaneously 


the change of sign of Routh’s criterion is automatically checked. As a result we 


obtain from the machine pairs of values of the parameters varied for the beginning 


and end of the interval in which the criterion changes sign. These values are the 


limiting coordinates between which the required boundary or limit of the stability 


range exists. The determination of the distribution of the stability and instability 


ranges with respect to this limit is also carried out on the basis of the calcula- 


tions of Routh’s criterion mentioned above. 


This method of determining the limit of the stability range is much more con- 


venient for programming than the well-known method of D-resolution [3]. For a 


non-linear relation between the coefficients of the characteristic e juation and the 


parameters in the plane of which the D-resolution is carried out, the use of the 


method of )-resolution meets, in some cases, very great difficulties. The 
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Analysis of the static stability of complex power systems 


calculation of the points of the limit of the stability range in the plane of two 
parameters (k° and k*) for one of the existing varients of the programme is made 
clear (Fig.1). We mark up first the extreme values of the parameters 4‘ and k’, 
determining the sides of the rectangle ABCD inside which we require to find the 
limit of the stability range. In general, we have a fair idea of the sign and order 
of the quantity or of realisable values kg’, kp’ and kg, kgf (Fig.1); if not, they 

are marked arbitrarily. Also we consider possible limitations of the values ’, 
k*, related to the condition that all the coefficients of the characteristic equation 
should be positive. The magnitude of the computing interval along the axes k’, 


k” is then chosen. 
The calculation may be started 


at any point, e.g. at A. For this 
point the machine computes Routh’s 
criterion storing (memorising) the 
result, without issuing (printing) it 
from the machine. Then a computing 
step is made in the direction of k’, 
Routh’s criterion computed again, 
Stability and the result compared with the 
Rang« preceding one. If the sign of the 
criterion did not change a new com- 
puting step is made, etc., not if the 
sign of the criterion ch inged, i.e. if 
the limit of the stability range was 


over stepped, the machine prints the 


coordinates of the point considered 


(k’, k*). This fixes point ] (Fig.1). 


Hereafter, the machine begins to 
FIG.1. Scheme of the programme of tracing the follow the limit automatically. For 
boundary of the stability range (only the points this purpose, it makes twice a com- 
indicated by the numbers in order are printed). ; : . 
puting step in the direction perpen- 
dicular to the previous one, and cal- 
culations of Routh’s criterion in the inverse direction of the original one, so long 
as the sign of the criterion changes. The coordinates of point 2 are then printed, 
this fixing the first interval ] —2 through which the required limit passes. The 


calculation then proceeds similarly. 


If the extreme values of k’ are reached in the calculation without change of 
sign of Routh’s criterion, the machine begins to calculate again in the same direc- 
tion of k“, moving through the computing interval along the side AD of the rectangle 
(Fig.1). If the limit of the range is not found within the rectangle ABCD, the com- 
puting interval may be reduced sufficiently to verify whether or not the stability 
range may not be found within a rectangle with sides equal to the original comput- 
ing interval (for sake of clarity the computing interval was made very large in Fig.1). 
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Analysis of the static stability of complex power systems 


The described scheme of a “tracking” programme was evolved by the Mathe- 
matical Institute of the USSR Academy of Science [4] for the purpose of providing 


a possibility of continuous outlining of the boundaries of a stability range of 


closed configuration. 


By grouping the parameters in the plane of which the limit of the stability 


range is tracked, in pairs, and also by successful variation of other initial data 


we can obtain the “album of stability ranges” mentioned above. 


Calculation of the steady-state stability of a power system 


In 1954-1956 the Institute of Electrical Engineering and Mathematics of the 


Ukrainian Federal Republic Academy of Science carried out a number of calcula- 


lations of the stability and electro-mechanical transient process of the transmission 


system Kuibyshev GES — Moscow (on instructions of the technical administration 


of the Ministry of Power Stations) with an electronic computer. The present com- 


munication will give a brief outline of the content of the calculations of the steady- 


state stability*. 


Three types of automatic regulation of the excitation of the generators of the 


Kuibyshev GES were considered (Cf. Appendix):- 


1) According to deviations of voltage and current and also according to the 


first and second derivatives of the current; 


2) According to deviations of voltage and current, and also to slip and 


acceleration relative to an axis rotating at the synchronous speed of normal oper- 


ation; 


3) According to deviations of voltage and current, viz. compounding (7/ = 0), 


and delaying electromagnetic voltage corrector (7) = 3 sec), connected to the 


main or booster exciter. 


In considering the first type of regulation the time-lag of the generator (Tg 


5.5 sec), of the booster exciter (72, = 0.12 sec), the regulator (Treg = 0.1 sec) 


and the presence of a rigid negative feedback of the exciter voltage was considered 


in the structural diagram. This type of automatic excitation control corresponds 


basically to a strong-action regulator with which the majority of the generators of 
the Kuibyshev GES is to be provided. 


The second type of excitation contro! is analogous to the first and differs 


from the “strong action” regulator responding to angle and first and second 


* All the calculations were carried out in relative units (Usa, = 400 kV, Phas = 1150 MW, 
time in radians). The computer calculates with six and prints the results in five signifi- 


cant digits. Consequently the accuracy of the calculation depends on the accuracy of 


the data fed to the computer. All the calculations on the computer were duplicated, con- 


trol variance being calculated after recording the programme. The programming of 


typical problems took about 10—20 hr and the calculation of one curve 15—45 mins. 
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Analysis of the static stability of complex power systems 


derivatives of the angle, designed by the Central Electrical Research Laboratory 
of the Ministry of Power Stations by the fact that there is no necessity of tele- 
metering the angle in this regulator. The slip and acceleration relative to an axis 
rotating at a synchronous speed of the initial operating conditions may be measured 
by a special instrument with a memory-element. 


The automatic control of the third type was installed on the first generator of 


the Kuibyshev GES as main regulation, and on the following generators as stand-by. 


by. 


The possibility of a control according to individual generator currents was 
investigated. The Kuibyshevy GES was in this investigation represented by two 
equivalent controlled generators (Fig.2, circuit 1). The characteristic of the sys- 
tem according to this circuit is of the tenth order. The parameters of the regula- 
tion according to current (4) or to voltage 

p as shown, or to the first and second derivatives 
(k’, k”), im the plane of which the limit of the 
stability range was determined, are contained 


in most of the coefficients of the characteris- 


tic equation in a higher than the first degree, 


viz. as squares and products. In such cases 


7 3 a D-decomposition by the ordinary method 


/ involves very laborious calculations. 


Stability 


Range 


0 


The calculations on the electronic com- 


puter showed that there is no stability range 


Stability for the first type of automatic excitation con- 


Range trol, which was also confirmed by analytic 


absolute term a 


calculation and agrees with the results of 


Limit corresponding to 


tests on the electro-dynamic mode! of the 


Molotov Institute for Electrical Engineering 


[5]. It follows that for this type group regula- 
tion is required, for example, based on the 


: mean current of generators working in parallel. 
FIG.2. Stability ranges (Po = 1.0). For 8 6 
representations of the Kuibyshev GES ‘ 
by two equivalent generators (1) and shown in Fig.3 a and 4 8 below. 


The stability ranges for group regulation are 


one equivalent generator (group 


For an automatic contro! of the third type a 
control) (2). 


stability range exists, as is shown in Fig. 2 
(curve 1). The same figure shows the stability range for group regulation (circuit 
2, curve 2). Point N corresponds to the normal setting of the regulator. A com- 
parison shows that group regulation increases the stability margin. The calcula- 
tions did not consider the mechanical damping of the machine and, consequently, 
the actual stability margin will be slightly larger. 


The margin of stability according to power transmitted was determined and 


the possibility of cumulative hunting in various loadings of the transmission 
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Analysis of the static stability of complex power systems 


system was considered. * 


For this purpose series of stab- 
ility ranges were calculated for 
automatic excitation control of the 
first and second types (group regu- 
lation according to current) and a 
variation of a power transmitted 
from 0 to 1.1 for the case that 
there is no series compensation and 
the transmitting capacity of the line 


(ideal power limit), 1.15. 


For comparison we entered in 
Fig.3 the results of the stability 
ranges in the plane of the coefficients 
of regulation according to slip and 
acceleration c’, c”. The graph of 
Fig.3 shows that in both cases the 


ai, 


power transmitted may be raised to 


the value of the transmitted capa- 


imit c orrespond- 
ing to linear co- 


efficient of p 


city of the line, if the coefficients 


(of let order). 


of the regulations are within the 


limits of the common stability 


ranges. 
FIG.3. Stability ranges (t = 0.2, 6 = 5.0). a) Auto- 
matic excitation contro! of first type; b) Automati We may suppose that for equal 


excitation contro! of second type; c) Graph of the regulation coefficients (in relative 
variation of a» vs. P L—Po = 0; »— Pe 0.5; units) the design parameters of 
regulators of the first and second 
types may be approximately equal. 
The difference will consist only in the input elements, viz. in the case of a regu- 
lator of the second type an angle-measuring element in a memory-element. We 
may, therefore, conclude that an automatic regulation of the second type has, 
according to the operating characteristics determined by the graphs of Fig.3 ad- 
vantages over a regulation of the first type because in the latter type the ranges of 
the permissible regulation coefficients are considerably increased. Also for load 
changes of the transmission systems the common part of the stability ranges for 
regulation by slip and acceleration becomes greater than for regulation ac cording 
to derivatives of the current; for example, Fig.3 shows that in the first case for 


the transition from P, = 1.0 to P, 1.1 the common part of the stability range 4 


® The calculation relating to the measures to be taken to prevent self-excitation and cume- 
lative hunting on no-load and at smal! loads of the transmission system are not in luded 
in the present, because they are not essential where two limiting power transmitted is 


concerned and mostly to be carried out by simpler methods. 
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Analysis of the static stability of complex power systems 


amounts to about 95 per cent of 
range 3, but in the second only to 


about 70 per cent. 


From the position of the origin of 
the coordinates relative to the 
stability ranges (Fig.3) we may 
draw the conclusion that P, > 0.4 
and in regulation without derivates 
of the operational parameters no 
stability can be achieved. 


The possibility of cumulative 
hunting subsequent to alteration of 
the circuit of the transmission sys- 


tem was assessed. Fig.4 repre- 


sents the stability ranges for a 
double-circuit line, calculated for 
P, = 1.0 and the same types of auto- 
matic excitation control as the 
stability ranges in Fig.3. The 
curves ] refer to the case where all 


lin- 


efficient 


the sections of both circuits are 
connected as well as series and 


parallel compensation gears, and the 


ponding te 


ear « 


curves 2 to the case where the cir- 


cuit of the head section of the trans- 
mission and compensating gear are 


FIG.4. Stability ranges of: double-gircuit discoarected. Ia Fig.4 we see that 

transmission system (P, = 1.0; & = 0.2; 
with the regulation of the second 

b = 25.0). a) Automatic control of the first 

type: b) Automatic contro! of the second type. type the coinciding part of the 

1 — All the sections of both circuits of the stability ranges is greater than for 

line and series and paralle] compensation the regulation of the first type. 


gears are connected; 2 ne circuit of the Therefore, it is much easier to 


head section of the line and paralle! compensa 
assure steady operation of the trans- 
tion gears are connected, 
mission system for possible changes 
in its circuits with regulation by slip and acceleration without readjustment of the 
regulation. This agrees very well with the results of tests on the dynamic model 


of the Molotov Institute of Electrical Engineering [5]. 


The curves of Fig.4 also show that the stability ranges of the compensated 
line (curves 1) are under otherwise equal conditions much smaller than the 
stability ranges of the uncompensated line. This indicates that in the presence of 
compensation the danger of cumulative hunting is greater. This fact must be con- 


sidered in a project design and an actual operation. 
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Analysis of the static stability of complex power systems 


However, we have to bear in mind not only a margin of stability with respect 
to cumulative hunting, but also as regards the “aperiodic limit”. It is quite ob- 
vious that in the example considered the transmitting capacity and the aperiodic 


limit of the system stability are much higher for a compensated than for an uncom- 


pensated line. In the first case, the transmitted capacity of the line including the 


transformers at the far end, is Foon - 1.87, in the second a = 1.03. Con- 
sequently, when analysing the variation of the stability ranges for different con- 
figurations, we must extend our analysis to the character of the variation of the 
absolute term a, of the characteristic equation of the system (Fig.3 c) or else 


compare the values of the transmitting capacity of the line 


The analysis of the effect of the coefficient of the regulation according to the 
voltage and current deviations on the stability when “strong-action” is used. was 
carried out by direct comparison of a series of calculations, as shown, e.g. in 
Fig.5. We conclude that a variation of the coefficient & within wide limits has but 
a small influence on the stability ranges in the plane of 4° and &* (Fig.5 a) where- 
as a variation of the coefficient 6 has a more marked effect (Fig.5 b). If we bear 
in mind that a minor instability of the coefficients & and 4 is stil! possible after 
the adjustment of the regulator, there is no reason to assume that this instability 
may lead to hunting of the system. A simultaneous increase of the coefficients & 
and 6 (Fig.S c) will slightly reduce the variation of the stability range due to an 
increase of the coefficient b only 

An increase of the coeffic- 
ients 4 and 6} entails an in- 
crease of the absolute term 
of the characteristic equation 
and, consequently, an in- 
crease of the margin of 
stability with respect to the 


aperiodic limit. 


The stability ranges in the 
plane of the coefficients of 
regulation according to devia- 
tions of voltage and current. 
were calculated, e.g. for k= 
var and «const. as shown in 
Fig.6. Two straight lines 
correspond to each of the 

FIG.5. Stability ranges (P, = 1.1). a) When coeffi- ranges, viz. the line de = f(b, k) 

cient of regulation varies with the current (6 = 5): O and the line which with 

l &=0.1; 2 k= 2; 3-47 0.6; 4—4= 1.0. 

b) When coefficient of regulation varies with the volt- 

age & = 0.2); 2—-6=10; 3—b6= 15; 

c) When coefficients & and 6 vary simultaneously; into position 5; during this 
0.2, b= 5; b= 2.5. rotation the point of inter- 


increasing 4‘ turns anti- 


clockwise from position ] 
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Analysis of the stetic stability of complex power systems 


section with the straight 


line a = 0 moves down- 


wards. 


For a clear demonstra- 


tion we entered in Fig.6 


the stability range in the 


plane of k’ and k” on a 
reduced scale (for 6 = 10 
and & = 0.2), in which we 


indicated the intersection 


studied. Considering for 
example, point 5 near the 
limit of the stability 


range plotted in the plane 


of the parameters &° and 
k*, we find that on the 
graph plotted in the plane 


of the parameters 6 and k 


the proximity of the limit 


of the stability range is 


not noticeable. This is 


3 _j as could be expected, for 


the reason that the stability 

FIG.6. Stability ranges (P= 1.0, 4” = 10). 0; ranges vary only slightly 
0.4% 10; 0.75% 10; 4-k = 16x 10; with a variation of the para- 
= 18x 10. meters band within fairly 


wide limits (Fig. 5). 


We may, therefore, conclude that the fundamental analysis is better carried 
out by plotting the stability ranges in the plane of the parameters of regulation 
according to derivatives than in the plane of parameters of regulation according to 


deviations. 


Stability calculations were carried out for transmission systems with infer- 
mediate synchronous condenser, on the assumption that the synchronous condenser 
of 375 MVA rating is erected in the sectionalizing substation of the transmission 
system Kuibyshev GES - Moscow and that the line has no series compensation. 
When the excitation of the synchronous condenser was controlled by a regulator of 
the first type, no stability range was found even in the presence of a considerable 
mechanical damping torque (1) = 2). With a regulation of the third type, supplemen- 
ted by regulation according to slip and acceleration, stability ranges were obtained 
(Fig.7) for three cases, viz. ) = 0; 1; 2. The curves of Fig.7 show the favourable 
influence of the mechanical damping torque, which is often neglected in calcula- 
lations, in the stability. 
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Analysis of the static stability of complex power systems 


Limit corresponding to absolute term 


FIG.7. Stability ranges for a 


transmission sys- 


tem with intermediate synchronous condenser: 


(P 1.0, & = 0.12, 6 °S 0) 
of condenser: | D 
Stability range bounded 


1.2 and 3. 


Dan ping torque 
D=1.0; 3—D=0. 


each of the curves 


Direct comparison of the results 
of calculations of typic al variants 
enables us to examine the permissi- 
bility of some simplifications in the 


stability calculations. 


With automatic excitation control 
of the generator groups of the 
Kuibyshev GES we may neglect the 
salient-pole character of the genera- 


tors (Fig.8 


The replacement of the receiving 
system by infinitely powerful bus- 
bars does not alter the stability 
ranges substantially (within the 
range of positive values of the co- 
efficients of regulation according to 
derivatives) by comparison with its 
replacement by an equivalent power 
state and load (Fig.8 b). In all the 
cases investigated the stability 
ranges were inside those obtained 
for a system with fixed angle co- 
ordinates. That means that the fix- 
ing of the angles corresponds to 


necessary, but not sufficient, con- 


ditions of stability [] and 2]. These simplified calculations may sometimes by 


useful for preliminary assessment of the schemes (rectangle ABCD), and for the 


elimination of definitely unsatisfactory variants. In comparative calculations, we 


may neglect the time constant of the booster exciter. When the negative feedback 


of the exciter voltage is weakened in the calculations, we assumed a weakening 


by a factor (Fig.8). However, it should be borne in mind that for operating con- 


ditions near the limit of the stability range this simplification may introduce a con- 


siderable error whether by exaggerating or by unduly reducing the stability range 


(Fig.8 c). 


Appendix 


Generalised Structural Diagram of a Composite System Considering Automatic 


Excitation Control of the Synchronous Machines 


The transmission functions: of the exciter i of its feedback Pry, of the 


regulation according to angle deviation Fs of the regulation according to devia- 


tion of voltage F, and according to deviation of current Fj [3]; 
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Stable | 


= 


a) 


FIG.8, Stability range (Po 
a) ] Considering the salient-pole generators of the Kuibyshev GF »; 
sidering the salient-pole character. 
represented by a 


b) ] ~At the end of the line | 
power; 2 - Receiving systen 
an equivalent station for which EF“ 


and M=oco, 3- 


For automatic regulation of the excitation of the first type, 


L + 


For automatic regulation of the excitation of the second type, 


* 


For automatic regulation of the excitation of the third type, 


l * 


ex P 


1.0, automatic control of the first type: k = 1.2; 
9 Without con- 


busbars of infinite 


2; b= 5). 


load and an equivalent station for 


The receiving system is represented by a load and 


2—T = 0. 
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Analysis of the static stability of complex power systems 


For the. synchronous machines, the number of which may be in general n, we 
considered additionally to the equations of the electro-magnetic transient process 
in the field winding, represented in Fig.9, the equation of the mechanical move- 


ment, 


(Mp? + Dp) \5 \p. 


The system connecting the synchronous machines is represented by self and 


2 
fb 
exciter 4 generator 
ex 
“de 


mutual impedances. 


regulator 


Stations System 


fb 

exciter i 
At, 


generator 


“de 


regulator 


FIG.9. Generalised structural diagram of 
a power system, considering the auto- 
matic excitation control of the synchron- 


ous machines. 
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A PRACTICAL METHOD FOR DESIGNING RELAYS 
WITH RECTIFIERS * 


G.G. GIMOYAN 


(Received 3 December 1956) 


Recent developments in relay engineering are characterized by rapid spreading of 
} | 
the use of semix ondut tor-type rectifiers in protection and automatic control systems. 
Desi 4h and construction of relays soe uipped are still com hic ated by the fact that 
g | 

they constitute non-linear dipoles for the a.c. circuit. For example, single-coil re- 
lavs or relavs with two magnetically decoupled relays (such as balance relays) are 
represented in Fig. 1; relays with two inductively coupled and mutually opposing 


coils in Fig. 5b. There are still other circuits which, however, will not be con- 


sidered in the present communication. 


An analytical determination of the relations of the electrical quantities at in- 


put and output of the rectifiers used in these circuits requires involved transcen- 


dental equations to be solved. F or this reason it is preferable to represent them 


for practical calculations by linear dipoles (Fig. 7a), obeying Ohm's law. 


The determination of the correction factors required for such a transformation 
is the object of the present paper. 


This determination is carried out by the method of linearization |! |; assuming 


the voltage at the rectifier input as linear,’ its current is resolved into harmonic 
components for each of which a separate equivalent circuit is drawn and the correc- 


tion factors are found. 


For practical calculations it is sufficient to consider the equivalent circuit 


for the first harmonic only, since the accuracy is sufficiently high and the error 


does not exceed 5-10 per cent (1-3). 


Operation of rectifiers with single-coil relays 


For ideal rectifier units and with an input voltage 


u= V2 U, sin 


Gewt 


* Elektrichestvo No. 7, W 53, 1957] Reprint Order No. El 37 |. 


* Structure and parameters of the e juivalent circuit depend on whether the rectifier works 


eration of the ircuits in Fig. l 


in conditions of sinusoidal current or voltage. The oy 
and 4b is considered only tor sinusoidal voltage, because in relay circuits the resistance 


of the supy ly is assumed amal! \3 |, to reduce consun ptlion and increase the sensitivity of 


the arrangement. 
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A practical method for designing relays with rectifiers 


where U, is the effective value of the fundamental! (there being no other harmonic 

in this case) of the rectifier input, the angular frequency of the fundamental. 

The operation of the rectifier of the circuit of Fig. 1 may be in two different modes, 
for each of which the relationships between the instantaneous values of currents 


and voltages are different. 


uy Since a capacitor is connected to 
—— the output of the rectifier, the recti- 


fied voltage never drops to zero 


' C Rrel i owing to the charge of the capacitor, 


uy , At the input side of the rectifier, how- 
ri ever, the voltage varies sinusoidally 
Lo 


and during certain fractions of the 


period it becomes very small (when 


changing its direction). During these 
fractions of the period the following 
FIG. 1. Equivalent circuit or single-coil relay. relations hold 

ud > \uj; i= 0; ig=0 (2) 
where u, i andud, iq are the instantaneous values of voltage and current at input 


and output of the rectifier. 


The mode of operation to which condition (2) applies is known in the literature 
as the R-state (in the absence of current) |1!. In this state the a.c. and d.c. circuits 
appear to be absolutely independent because they are separated by the rectifier 
bridge. According to the line-dia- 
gram of voltages and currents 
(Fig. 2) the circuit operates in 


the R-state when 


When the absolute instantan- 


eous value of the voltage at the 6, 6, +6, +6, 


rectifier input has reached the 


value of output voltage, the recti- 


fier begins to conduct, this state FIG. 2. Line diagrams of voltages and cur- 


rents at rectifier input (ua) and output 


being known in the literature as 
(ud, iq). 


\V-state, instead of the &- state. 
In the \-state the following identities apply 
(4) 
The fractions of the period during which the rectifier operates in the \-state 
correspond to the time intervals 
‘ (5) 


The coefficients of equivalent conductance and susceptance are determined by 
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the formulae 


The expressions under the integral sign in (6) and (7) are the instantaneous 
values of the input current of the rectifier, i, where the input voltage U, is given. 
The relation between the given quantities depends on the circuit parameters. Owing 
to the large number of unknowns (*,./, oe], Jit is lifficult to determine this re- 
lationship by the usual methods of circuit theory To facilitate the solution of this 
problem it is useful to carry it out at first for the boundary conditions R,»j/wlre/ 


wl 


sults for the two limiting cases, so that we get an approximate solution for 


~ and 0. and then to find the required solution by comparing the re 


rei rei 


0> 


The operation of the rectifier of Fig. 1 in the limiting case Ref/ wlrel 


analysed in (1 | 


0 


12 In the limiting case R,,)/wl.,,/ 
the steady-state current passing 
“4 a through the branch with resistance 


and inductance, ij, practically re- 


mains constant during the period. 
1.0 a Since under these conditions the 
current passing through the capaci- 


0.9 ess = tive branch has no steady (d.c.) 


) component, the current i] is prac- 


tically equal to the mean value of 


0.8 
0 3 the current at the rectifier output, 
ly. The instantaneous values of 
FE. 8. of cocflicients dstenninine the output current of the rectifier 
mean value of rectified voltage. are therefore determine i by the 
following differential equations:- 
in the state 


(Rg) 


in the V-state 
U,cos 
— (9) 
\ Rrel 


‘ 


The commutation angles 4, and 6, and the coefficient of the constant voltage 
component may be found from (1), (8) und (9) as follows: 


¥ ¢ ‘ 
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6, = cos” yil iR 


rel): 
sin 0, = sin 6, - (UgX,/ + 9, - 


Ug/U, — | cos 6, — cos 4, + sin (7 


d 
y2l 


The quantities 6,, 0, and Ad as functions of the ratio 


o/Rrel are determined 
by grapho-analytic solution of the last three e quations | 3). 

The coefficients of the equivalent conductance y, and susceptance /),, respec- 
tively, are found from (6) and (7), when (9) is considered, thus, 

] Rrel Cos 
Ya —[Ag(cos 0, — cos 0,)+(-| 
7 


Rrel 
LAd(sin 6, — sin 


0 


~ 


2 


FIG. 4. Theoretical coefficients for the de- 
sign of automatic control and protec tion gear 


using single-coil relays. 


The relationships Ag = = Rrej) and B, = f(X¢/Rre]) for 


the two mentioned limiting cases are drawn in Fig. 3 and 4. The curves show that 


the presence of the inductance affects the values of Ag, y, and f, at small values 
of X¢/Rrel. 
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Operation of rectifiers having relays with two coils 


We will consider the operation of rectifiers having a relay with two magnetic- 
ally coupled coils on the example of a distance relay for h.v. transmission lines 
[3]. According to the diagram of Fig. 5a the operating (OP) and restraining (OT) 
coils of this relay are supplied by the rectifiers BP and RT, the input voltages of 
which are U, and Ur, respectively. Considering that in any real relay the coupling 
coefficient of the coils varies, viz. 0 < < 1 (where L,,/ and are self- 
and mutual-inductances of the relay winding), it will be convenient to examine the 


operation of the circuit of Fig. 5a for the two limiting cases, viz. 
Lrel = 0 and Lrel = l. 


In the limiting case 4,,//L,,] = 0 each relay winding may be imitated by the 
circuit of Fig. 1 analysed above. 
In the limiting case 4,.//L -e/= 1 and under the condition that the ratio X, 


Rye] is such as to permit an operation of both rectifiers only in the V-state, the re- 


lay circuit may be represented by the linear four-terminal network of Fig. 5c, the 


input and output voltages of which are Up and Ur, respectively. 


oP 


ce) 


FIG. 5. a) Basic circuit of a distance relay; b) Equivalent 
circuit of two-coil relays; c) Equivalent circuit of this re- 
lay for ideal magnetic coupling of the coils. 
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The calculation for such a four-terminal network is more conveniently carried 
out by the method of superposition, i.e. by representing it in the form of two dipoles 


(Fig. 5b), the rectifiers* of which operate in the V-state. 


If we take into account that in reality the inductive reactance of the relay 


windings is considerably larger than their resistance, it is fairly easy to find by 


Kirchhoff’s laws an expression for the output current of the rectifier (3): 


ig=V 2 U, cos 0/X,.+ U, sin 0/2R,,) + (15) 


The critical value of (X../R,.j)-rjz at which the rectifier operates in the \V-state, 


can be found from the last equation by the substitutions 


id = 0; and Uq/y 2 U, = 


Hence (Xo /Rrel crit > 


We note that in the limiting case Y,.//Lpej = 0, (Xpe1/Rrel) crit > 7/2. 


The values of the equivalent coefficients y, and B, are plotted against 


¥./Rre] for both limiting cases in Fig. 6. 


For the limiting case V,e/ 


1.0 Lyre] = 1 they were determined 
P from (6), (7) and (15). 
0.8 - 
\ The curves indicate that when 
the mutual inductance is con- 
0.6 Lre| Leal sidered, the conductance is slight- 
\ ly reduced, whereas the suscept- 


04 \ ance remains unchanged. 


Appendix 


The design of protective and 


Rre! automatic control relays with semi- 
c 2 3 4 5 6 > conductor rectifiers centres on the 
determination of the optimum cir- 
cuit parameters resulting in the 
FIG. 6. Design factors for automatic control maximum sensitivity and minimum 
and protective gear using two- coil relays. power consumption of the relays, 


and also in their reliable operation 


and compact construction. 


It is clear that the purpose and the sequence of the calculations will differ ac- 
cording to the type and use of the relay [1-3]. We will solve, by way of example, 
the following problem. To find the parameters of the other circuit elements (rectifier, 


supply transformer, etc) when the relay parameters (Pmean, Rrel, /mean) and the re- 


actance of the capacitive filter X¢ are given. 


* The rectifier of Fig. Sb may in general operate, analogously to the rectifier of Fig. 1, in 
the R-and \-states. We use the superposition method only when the N - state exists. 
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1. As first approximation, viz. assuming ideal rectifier units according to the 
curves y, = {(Rrei/X-) and B, = f(Rrel/X¢), we determine y, and £,, and from these 


the resistances and reactances of the equivalent circuit: 


Reg . 

2. From the given value of /meqn we determine the mean values of the output 
current and voltage of the rectifier, viz. /¢ = Kserlmean (Aser being the coefficient 


of reliability of service) and Ud = /dRrel. 


=a 


b) 


FIG. 7. a) Equivalent circuit of the relay considering 
internal resistance of supply; b) Graphical solution of 


the equation of the relay operation. 
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3. From the value of Uq we find the input voltage Uj, and current /;, of the rec- 


tifier, viz. 


in = Ud/Adi lin = Vin Req + 


(Aq being found from the curve of Fig. 4). 


4. From /7, Ug, lin and Ujyn we determine the number of rectifier elements to be 


connected in parallel (a) and series (n) into a bridge arm [1 and 2], and with these 


resultant resistance of the elements of the rectifier Ra = 2nry/a (ry being the resis- 


tance of a single rectifier unit). 


5. Adding Ra to the resistance R,,./, we repeat the calculation for the actual 


rectifier units, i.e. assume the load resistance to be Rg = Rre/ + Ra. 


6. The minimum turns number of the interposing transformer assuring reliable 


relay operation is found from the condition of equality of the e.m.f. F, induced in 


the secondary winding of the transformer and the voltage drop in the equivalent cir- 


cuit (Fig. 7a). 


F, = lin7s (1.1) 


where 7s is the total impedance of the equivalent circuit 


= 4.44 B.S. fw, 107 (1.2) 


Zs (Crw} Reg? (Cy@} Xeq)? (1.3) 


In the last equation Caw} and C yw} are the resistance and reactance, respec- 


tively, of the secondary winding of the interposing transformer; for a given type of 


core stampings of the transformer they depend only on w, [3]; Rég and XZq are re- 
I I 2 q 7 


sistance and reactance, respectively, of the equivalent circuit of the rectifier, con- 


sidering the self-resistance of the latter. 


The value of w,,,;, is determined by the bi-quadratic equation obtained from 
(1.1), when (1.2) and (1.3) are considered, or by solving equation (I.1) graphically 


(Fig. 7b). 
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THE USE OF LOAD DISTRIBUTION DIAGRAMS FOR THE 
DESIGN OF URBAN SYSTEMS* 


YU. A. GLANTS 


Received 12 Octol 


The character of the distribution of the loads in a system has a great influence on 


its design and operation. This factor becomes very important for the design of low- 


voltage systems especially in urban areas 


The choice of the system arrangement tor one or ther type of distribution of 


loads must be made on the basis of technica! and economical considerations. The 


proposed method of plotting the load distribution diagrams facilitates these cal- 
culations and the derivation of the economi rptimurnr lesign of the system. We owe 
the idea of plotting these diagrams to V.P. Khashchinskii | | 


| et us first consider a radial line fee ling the loads distributed 


route. The diagran of the distribution of these | ads al mathe iine 


sented as shown in Fig. | 


Ae 


The area of the diagram. Fig. 1, can be determined by the sum of the load 


moments 


values of power sent through the line sections; 
lengths of the line sections, 
ire the loads connecte ito the line; 


a ire the distances of the « mnected loads from the supply 


source. 
Since each of tue sums of the load moments represents the same area it can 


written 


* Flektriches .7, 45-50, 1957 | Reprint Order No. bl 
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C 


FIG. 1. 


The stepped diagram shown in Fig. 1 can be replaced by an equivalent rectan- 
gular diagram. There are two alternative methods of such a replacement: |) The 
stepped diagram is replaced by the re« tangle AabB with the base of the rectangle 
equal to the length of the line 2 /; = L; 2) the stepped diagram is replaced by 
the rectangle ACkm with the height of the rectangle equal to the total load of the 


line p; = P. 


In the first case we obtain the possibility of replacing the total load by one 
equivalent load connected to the end of the line. The equivalent load is 


eq (2) 


In the second case we also obtain the possibility of replacing the distributed 
load by a concentrated one, but in contrast to the preceding case, the latter al- 
though equal to the total load, is at an equivalent distance from the supply point 


given by 


3) 
P 


We now change to relative values of equivalent load P >, and of equivalent 


distance 1° ,, of which the first is considered to be a fraction of the total load 


and the second a fraction of the line length. It is not difficult to see that 
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\.M. Abrushchow | 2!) was the first to introduce this coefficient a. He called 
he coefficient describing the distribution of the load and derived this formula 


for its letermination 


The value of the coefficient a mey vary between 0 and 1, where the upper 
limit refers to the case that power is tranemitted through the line to a load concen- 
trated at its end, and the lower limit to the case that the load is directly at the 


supply point. 


The coefficient a can be determined graphically if the load distribution diagram 
is plotted in relative units with unity load being the total load and unity distance 
the total line length. The coefficient a is determined bw the ordinate Aa 


bw the abscissa Ar Ch (Fig. | 


In a similar manner a diagram can be plotted for the squares of the loads, 
which can be replaced by an equivalent rectangle in the same way as it was done 
above. The height of this equivalent rectangle plotted on the same base, the line 
length, is equal to the equivalent square load. The base of the equivalent rectangle 
whose height is the square of the total load equals the equivalent distance of the 


connection point of this load from the supply point. 


In a similar way as the coefficient a was determined for the load distribution 


liagram, a coefficient can be found as follows 


S pa) 


If the diagram is plotted in relative units, 


B= i Pl 


It should be noted, that, if the line has the same conductor size along its 
entire length, for purely active power the coefficient 6 will be proportional to the 


power loss of the line and the coefficient @ proportional to the voltage regulation. 


Having the values of the coefficients a and 8, one can replace the distributed 


loads by the concentrated loads and thus simplify the design calculations. 


It follows from (4), (5) and (1) that the sum of the moments of the distributed 


loads is 


and the sum of the moments of the square loads 


B PL 
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With the change from the system with distributed loads to the system with 
concentrated loads it 18 necessary for the determination of the volt ge regu! ation 
to arrange at the end of the line a load equivalent to a/ or for determination of the 
power loss a load equivalent to VB P. 

Diagrams with the same value of a can have different values of the coefficient 
8. With diagrams of the same coefficient a it is possible to have two extreme 
cases: 1) the diagram has the shape of a rectangle with unit base but a height of 
a 2 the diagram has the shape of a rectangle with the base a but unit height. In 


the first case (6 = a? and in the second 6 = a. 


The diagram of the load distribution along a ring line is obtained from two con- 
jugated di grams, of which one is obt sined by consi lering the line as a radial 
feeder supplied from one end. One of the diagrams would correspond to the feeding 
in the direction 0-1-2-3-4, and the other in the direction 0-4-3-2-1 (Fig. 2). The area 
of the first diagram is shaded and that of the second one is not shaded. The areas 


of the two diagrams supplement each other to the rectangle AC! with the base 


equal to the line length and the height e qual to the total load of the line. 


Ring feeders supplied from both ends can be divided at the point of current 
reversal into two branches. The point of current reversal on the line can be deter- 
mined graphically from the following conditions: 1) the voltage regulation in each 
of the branches must be equal, that means the areas of the two load distribution 
diagrams must be the same; 2) the sum of the loads at the supply point must be 


equal to the total line load. 


For the determination of the point of current reversal it is necessary in the 
diagram of Fig. 2 to lay a line ab parallel to the abscissa so that the areas aBbdef 
and cCmkigh{f cut out by it from the two conjugated diagrams are equal to each 
other. These diagrams are then also the load distribution diagrams of the two 


branches of the ring feeder. 


The line ec divides the rectangle ACDB into two parts: The area of the lower 
part AacC is equal to the shaded area of the conjugated diagram, and the upper 
part BacD is equal to the unshaded part of that diagram. Therefore, the rectangle 
4acC is equivalent to the shaded diagram, and the rectangle BacD is equivalent 


to the unshaded diagram. 


[The maximum ordinates of the branch diagrams aB and cC represent the magni- 
tude of the power flow at the point of supply in each of the branches of the ring 


feeder. Each load power flow is 


P,= a’ P (g) 


a’ is the coefficient of the load distribution determined for each branch 


from its conjugated diagram (for the left branch from the unshaded 
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diagram, and for the right branch from the shaded diagram); 


P is the total load of the ring feeder. 


It is possible to plot diagrams of the distribution of the square of the loads 
from the diagram of the load distribution of the branches of the ring feeder by using 
the square of the ordinates. The one permits the determination of the voltage regu- 


lation and the other that of the power losses of the ring feeder. 


The area of the load distribution diagram of the branches of the ring feeder 
will be designated in the following by ¥, and the sum of the areas of the diagrams 


of the distribution of the squares of the loads in both branches by N,. 


The value of \, can be deter- 


4 mined in another way. For this pur- 
p pose we consider two diagrams, 
J 
4 


Fig. 3a and 3b which have a dif- 


8 


ferent configuration but whose 


coefficients a and £ are respec- 


tively equal. 


Considering any of the load 
distribution diagrams Fig. 3a or 


tb we transform it into a two-step- 


ped diagram whose first step is 


: 9 unity and whose second is a 
FIG. 2. 


(Fig. 3c, diagram Bbedef). 


If one changes from that equivalent diagram to the square one, then the first 


step of the latter is also unity, but the second is a’, 


The length of the first step of the equivalent diagram (Fig. 3c), whose ordin- 
ate is unity, is designated by x, and the length of the second step, whose ordinate 
is a, by y. Then, as follows from Fig. 3c, the area of the equivalent diagram, plot- 


ted in relative units, is 
a 
and the area of the square diagram 


Solving jointly these two equations we obtain 


—-—a? 
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The area of the part aCcd of the equivalent diagram (Fig. 3c) is x (1-a). Con- 
sequently, on the basis of (9) it is (8 - a’). This area changes with a change in the 
shape of the equivalent diagram. It goes towards zero, if the equivalent diagram 
approaches the single-stepped diagram AacC with the ordinate a. This corresponds 
to the extreme case when the total load is supplied directly from the source. It will 
go towards its maximum value, if the equivalent diagram adopts the shape of the 
single-stepped diagram ABkm with unity value of the ordinate. The area aBbd has 


in that case the value a (1 - a) = a- a’. This corresponds to the extreme case that 


the concentrated load is supplied through the ring feeder. 


4 


2 


FIG. 3. 


In the latter extreme case the area of the square diagram of one branch of the 
ring feeder is (1 - a)? a, and that of the other branch a? (1 - a). The sum of the 


areas of the square diagrams of the branches is 


(1 - a)? a + (1 - a) = a’, 
Since in the considered case 8 = a 
a 
=B-a (11) 


i.e. the sum of the areas of the square diagrams of the branches equals the area aCed. 
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Analysis of a large number of diagrams shows that the sum of the areas of the 
square diagrams of the branches of ring feeder is always equal to the area aBbd, 
Thus, the value of V proportional to the power losses in the ring system can be 
determined from the magnitude of the area aBbd or the equal area fecC. This 
permits the determination of \ from (11), i.e. without plotting the diagram, if the 


coefficients a and § are known for one of the conjugate diagrams of the ring system. 


It follows from (11) that the power losses in a feeder for feeding from both 


ends differ from the losses with feeding from one end by a’. The ratio of these 


losses is 


a’ 
(12) 


B 


& 
, Rane lige 
ee 
— 
rs 
= 
— 
i* r 
tt 
— - 
| 
er 


The use of load distribution diagrams for the design of urban systems 


that means the change to feeding from both ends is the more effective in reducing 


the losses, the larger is the term (a?/f). 


The above derived relationship of the coefficients of the diagram of the ring 


system is interesting, because it facilitates the determination of the power losses 


for feeding from both ends, if the losses for feeding from one end are known. Be- 


sides, it is not necessary to calculate both conditions of single-end feeding and 


it is sufficient to calculate only one of these conditions since one diagram of load 


distribution also determines the conjugate diagram. Thus one calculation is suf- 


ficient for all three supply conditions of the ring feeder. 


It follows from the determination of the conjugate diagram that 
a°=(1- a) (13) 

and, since both shaded areas in Fig. 3c are equal: 

a-B=a’- 


Consequently, the coefficient for the conjugate diagram is 


+(1- 2a) 


958 


The above conclusions are to be applied to a concrete example. 


The coefficients for the case of a ring feeder supplied from one end may be 


a=0.4 and B = 0.3, and the power losses A P = 2.15 kW. Then 


B’=0.3 +(1 - 2x0.4) =0.5 


Consequently, for feeding the line from the other end the losses are 
0.5 
0.3 


For feeding from both ends 


AP = 2.15 = 3.58 kW. 


0.3 - 0.47 = 0.14 


and the power losses 


AP, = 2.1: 


An urban ring system often comprises one or several districts and is supplied 


from several sources. The calculations for the determination of the voltage regu- 


lation and especially of the power losses in such systems with a large number of 


loads are complicated and laborious. The use of load distribution diagrams in a 


given case can considerably shorten the calculations and make them clearer. 


Consider, for example, a ring system connecting a group of consumers, e.g. 


houses. Fig. 4 shows three diagrams of the load distribution in such a system: 


the first, Fig. 4a, for the case of two; the second, Fig. 4b, for three, and the third, 


Fig. 4c, for four supply points. 


The supply points can be located in such a manner that the areas cut out of 


the conjugate diagrams of the sections of the system and representing the load 
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The use of load distribution diagrams for the design of urban systems 


distribution diagrams for the individual branches are as small as possible. After that 
the load flow from the supply points can be determined, the conductor size of the 
individual sections of the system chosen, the voltage regulation and the power 
losses determined. Such calculations are given below for the system with three 
(Fig. 4b) and four (Fig. 4c) supply points. The basic data and the results of the 


calculations are entered in the table. 


The load, distributed along the branches of the sections of the ring system 
between the supply points was replaced by a concentrated load at the end of the 
branch. For the determination of the voltage regulation the concentrated load at 


the end of the branch used in the calculation is a M P, and for the determina- 


tion of the power losses P, VN_P. 


The voltage at all supply points of the system was assumed to be 380 V. 


The cable sizes were checked with respect to the thermal ratings corres- 
ponding to the maximum permissible load with consideration of the conditions of 
laying and of the ambient soil temperature. The possibility of feeding each section 
from one end in emergency conditions was taken into account for the choice of the 
cable size. 


It can be seen from the table that with the change from three to four supply 


points the copper volume of cables is reduced by ) dm’ and the power losses 


by 0.67 kW. The maximum voltage regulation on all sections of the system with 


three and four supply points is very reasonable at about 2.5 per cent. 


The transformer loads with three supply points are 


329. 211 and 227 kW; and with four supply points 273; 178; 173 and 136 kW. 


As the above example shows the method of plotting load distribution dia- 
grams permits a clear and simple determination of the approximate load flow in 
the system. of the voltage regulation and power losses. Thus it reduces the 


labour of calculations for the purpose of technical and economical considerations. 


In cases where it is not suitable to use the same cable size on a section of 
the system and where at the supply end twin cables are used, the calculation 
with the graphical method becomes somewhat more compli ated. The twin cable 
section in that case is to be represented by equivalent data of the basic cable 


size between the two supply points. 
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THE NOWOGRAM FOR DETERMINING PROTECTIVE 
ZONES OF LIGHTNING CONDUCTORS * 


LM. LOPSHTTS 
eived 24 pril 1956) 


This nomogram supersedes an earlier one (Elektrichestvo, No. 10, 1947) and is deemed 
necessary because of the distinction made in the latest instruction book on overvoltage 


protection of electrical installations for 3 - 220 kV (Gosenergoizdat, 1954) between the 


formulae for lightning conductors up to and above 30 m. 


The nomogram is constructed for single and double lightning conductors up to 150 m 


al formula based on laboratory test results and on the assumption that 


using an emphiri 
orientation of the lightning stroke onto the lightning conductor takes place at the height of 


H = 600 m (for an open country). 


The use of the nomogram is explained with three examples. 


That part of the latest Code of Practice on protection against overvoltages | 1] 


which deals with protection against direct lightning strokes is based on laboratory 


investigations carried out at the V.1. Lenin All Union Electro-technical Institute, 
and differs from the earlier edition of the Code (3) in that in it a distinction has 

been introduced between the formulae for rod lightning conductors up to 30 m high 
and above 30 m high. Thus, the earlier nomogram for determining protective zones, 


constructed for lightning conductors up to 60 m has become obsolete and now may 


be used only for lightning conductors up to 30 m. 


Figs. 1 and 2 give curves constructed from the data included in [2] which des- 


cribe protective zones of single and double lightning conductors respectively. The 
geometric al sense of the parameters of the protective zone a, h, ha, hy , by, and rx 
is clear from Fig. 4; by // is denoted the height at which orientation of the light- 


ning channel onto the lightning conductor takes place for open country. 

For taller lightning conductors, 4 > 30 m, // was taken as 600 m, and for 
shorter lightning conductors, A 30 m. the constant ratio of 1/h = 600/30 = 20 was 
taken. It should be mentioned here that the Code of Practice does not set definite 
limits within which its recommendations are valid but merely states that the value 


of H= 600 m can be used for “very tall lightning conductors”. 


The curves given in Figs. | and 2 can be applied in these cases when the 


height of the lightning conductor does not exceed 150 m (H/h = 4), which corres- 


° Flektric he sivo No, A 76 - 78, 1957 | Reprint Order No. EL 39}. 
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The nomogram for determining protective zones of lightning con ductors 


ponds to the greatest height of chimneys built in power stations. 


With the above value assumed for the height at which orientation of the light- 


ning channel takes place, the following empirical expressions can be written for the 


relations represented on Figs. | and 2. 


(1) 


(2) 


where p,(A) and p,(A) are coefficients depending on the height of the lightning con- 


ductor ( Fig. 3). 


it should be noted that in order to simplify calculations the following assump- 


tion is made in the Code of Practice 


where p(h)= (for h>30 m). 


The relation p(h) is shown in Fig. 3 by the curve drawn in a broken line. 


gets the following formula for the double 


Eliminating - from (1) and (2) one 


lightning conductor: 
(i 14 + ¢ ) — i =0 


which if a = 0, becomes also valid for the single lightning conductor. 


The calculation of the lightning conductor height using this formula is lengthy 


and tedious; the present nomogram (Fig. 4) removes this disadvantage. The follow- 


ing examples explain the use of the nomogram and illustrate its scope. 


Example 1. The given object has the shape of a parallelepiped with the base 48x 48 
24 m) and the height 15 m. It is located between two lightning rods 49 m 


(by 
high in such a way that a line drawn through the centres of the lightning rods co- 


incides with the axis of symmetry of the object. It is required to verify that the ob- 


ject is protected if the distance between the lightning rods is 60 m. 


Place one point of a pair of dividers at the point a = 60 m on the abscissa (the 


scale of centres). Bring the other point to by = 24 m on the ordinate. Keeping the 


first point unmoved and without altering the distance between the two points place 


the second point on the curve Ay = 15 m. 


Through this point of the nomogram the curve hg = 32 m also passes. Thus, the 


necessary height of the lightning conductor is h = hy + hq= 15+ 32 = 47 m. There- 
fore, with h = 49 m the object lies within the protective zone of the lightning con- 


ductor. 
0.7h and hy = 0.9hA it should 


* There are errors in Figs. 4 and 5 of the Code. Instead of Ax 
be h, = 0.64 and hy = 0.7h respectively. 
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The nomogram for determining protective zones of lightning conductors 


The nomogram can also be used in a 


different way. Set the dividers to the dis- 


tance between the point a 60 m and the 


point of intersection of the curves 
h, 15 m and ha 49-15 = 34m. With 


this distance as radius and with point 


a= 60 m as the centre determine the point 
at which the ordinate is intersected; this 
is seen to be at hs 25 m. It follows then 
that the given lightning conductor would 


protect an object for which by = 25 m. 


xample 2. Determine the necessary active 
height of a single lightning conductor 


placed in the centre of a structure having 


a cylindrical form with the diameter 40 m 


and the height 6 m. 


With radius equal to the distance from 


the origin (a = 0) to the point ry = by = 20m, 


determine the point of intersection with 
the curve hy = 6 m. The curve ha = 16m 
which also passes through this point gives 
the desired value for the active height of 


the conductor. 


Fxample 3. Find the radius of the protec- 
tive zone at the level of hy = 26 m fora 


single lightning conductor 120 m high 


placed on the chimney of a power station. 


With origin as centre and radius equal 
to the distance from the origin to the point 
hy = 26 m on the curve for 4 = 120 m, de- 


termine the point of intersection with the 


ordinate; this is found to be by = ry =59.5m, 


which is the required value for the radius 


of protec tion. 


The nomogram has been constructed on 


the assumption that the distance a between 


two lightning rods is given, which is norm- 


ally the case in practice. In these excep- 


tional cases when the distance is to be 


determined, it may be quickly found using 


a simple geometrical construction. 


From the middle of the line joining the 


given points by (on the ordinate) and hg 
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FIG. 4. The nomogram for determining protective zones of rod lightning conductors. 
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218 The nomogram for determining protective zones of lightning conductors 


and hy (the intersection of the corresponding curves) drop the perpendicular on the 
scale of centres. The point of intersection with this scale gives the required dis- 


tance between the two lightning rods. 


In conclusion it should be mentioned that the Code of Practice considers but 
in a small degree the critical observations regarding simplification of the contour 
of the protective zone [5]. In the present edition of the Code it would be desirable 


to approximate the curvilinear generatrix of the “cone” of the protective zone by a 
number of straight lines. This should considerably simplify graphical constructions. 
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TWO-COMMUTATOR ROTARY AMPLIFIER * 
I.N. CHUPIATOV and V.F. BAIKO 


Obraztsoy Institute of Railway Transport 
Engineers, Leningrad 


(Received 4 March 1957) 


Rotary amplifiers are used in various cases of electro-drive in order to improve the 
quality of regulation. 


At present there are a few types of rotary amplifiers differing in their mode of 
operation and in their working characteristics. Of these, rotary amplifiers with a 
cross -field are most frequently used in industry and transport. Nevertheless, in 
certain cases, these amplifiers do not satisfy requirements and cannot be used in 


automatic control systems. 


Therefore, the study of the properties of other amplifier systems is of con- 


siderable interest. 


In the present article, we consider the mode of operation and the fundamental 
working characteristics of a two-commutator rotary amplifier which in foreign 
literature is called “magnavolt”. The two-commutator rotary amplifier of this type 
has not yet found application in our national automatic control systems. Its physico- 
technical and working characteristics are not elucidated in our technical and scien- 


tific literature. 


Mode of operation of the amplifier 


The two-commutator rotary amplifier differs essentially in principle from amp- 
lifiers with an axial field and from those with cross-field as well. 


The rotary amplifier in question has, like any ordinary d.c. machine, a yoke on 
which are fixed main poles and interpoles. But the armature of this amplifier, un- 
like those of ordinary machines, has two windings, calculated for different numbers 
of poles. The armature windings are connected to separate commutators, thus they 
form two independent electrical circuits. In the slots of the armature, the windings 
are placed in four layers, since every winding has two layers. The characteristic 
property of the amplifier is its method of excitation. The magnetic circuit of the 
amplifier consists of the superimposed magnetic circuits of two machines, designed 


* Elektrichestvo No. 1, 1 — 5, 1958 { Reprint Order No. EL. 40]. 
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['wo-commutator rotary amplifier 


or different numbers of poles, the ratio of the number of poles of the two combined 


machines being always e qual to two 


The windings of the armature are calculated according to the number of poles 


of the combined machines 


We consider the principle of action of an amplifier with the number of poles of 


the combined magnetic circuit equal to 2p = 2 and 2p = 4, respectively. On the yoke 


of such an amplifier, there are four cores of the main poles, on which two excita- 


tion windings are plac ed, forming a two-pole and a four-pole magnetic circuit. 


The winding woduc ing a two- vole m.m ole magnetization) is ed on 


all four cores of the yoke poles and is fed from an independent source. The current 


in this excitation winding produces the polarity of the poles according to the se- 


quence N-N-S-S., i.e. a two-pole magnetic system is formed. This excitation wind- 


ing is called a contro! winding of the amplifier. There may be two or more such 
} 


windings on the cores of the stator, according to the use of the amplifier and ac- 


cording to the re juirements of the system in which it works 1958 


The second excitation winding is placed on the same four cores and is fed 


from the two-pole armature winding This excitation winding produces a four-pole 


m.m.f. (four-pole magnetization) with the polarity sequence N-S-N-S. 


Four-pole armature winding of the amplifier ensures the required voltage at 


the output, 49; and is designed in accordance with the load parameters 


The electric circuit of the amplifier may be represented by the equivalent cir- 


cuit of two machines (Fig. 1). The first, a two-pole machine, is separately excited 


and ensures the amplification of the first stage. The four-pole excitation winding 


acts as a load for the first machine and ensures the second stage of amplific ation. 


Thus, the emplifier in question is a two-stage amplifier. The total amplification 


factor of the amplifier is equal to the product of the amplification factors of its 


two stages. 


FIG. 1. The equivalent circuit of a two-stage amplifier. 


Besides the ibove-mentioned windings, the amplifier may also have two or 


four-pole windings for self-excitation. The presence of this winding increases the 


total amplification factor 


The complete diagram of the electric and magnetic circuit of a two-commutator 


rotary amplifier is shown in Fig. 2. 
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Two-commutator rotary amplifier 


For a better understanding of the principle of a two-stage amplifier and its 
properties, it is necessary to consider the mutual influence of a two-pole and four- 


pole m.m.f., acting in a single magnetic circuit. 


\ four-pole excitation system has no influence on the e.m.f. of the two-pole 
armature winding, since the sides of the sections of this winding are situated by 


poles of the same polarity 


The two-pole m.m.f. produces a distortion in the distribution of the four-pole 
m.m.{. The degree of distortion depends on the magnitude of the two-pole m.m.f. 
and on the de gree of saturation of the magnetic circuit of the amplifier. Since, in a 
two-stage amplifier, the m.m.f. of the control winding (two-pole m.m.f.) is usually 


very small in comparison with the four-pole m.m.f., its influence is insignificant. 


a But even insignificant distortion 
| of the four-pole m.m.f. under the in- 
fluence of two-pole excitation 

necessitates the use of the wave- 


winding of the armature for a four- 


pole system, and this excludes the 


formation of equalizing currents. 


In the case of saturation of the 
magnetic circuit of the machine, the 
influence of the two-pole magnetic 
system on the e.m.f. of the four-pole 


armature winding is practically re- 


moved 


, 
Commutation 


2. Electric and magnetic networks of a 
two-stage amplifier. The presence of two commutators 


in a two-stage amplifier should be 
considered as « disadvantage in comparison with other types of rotary amplifiers. 
Nevertheless. the conditions of current commutation of the armature windings of 
the amplifier may be quite satisfactory. The current commutation of the two-pole 
armature winding is practically independent of the load, and usually does not re- 


quire the addition of interpoles in a two-pole magnetic system 


Since the power of the two-pole armature winding is comparatively small, 
“commutation by resistance is quite satisfactory. For a four-pole armature wind- 
ing only two interpoles can be provided, just as for an ordinary four-pole small- 


power machine. In this machine two interpoles of the four-pole magnetic system are 


placed on the line n - n° (Fig. 3), perpendicular to the two-pole magnetic neutral 


axis m- mm’. If an interpole mechanism is re juired in the two-pole magnetic system, 


then these two poles are established on the two-pole magnetic neutral m - m ‘ 


In this case the excitation of the interpoles along the axis m - m “should be 


from a common source; i.e., their excitation windings should be fed by the current 
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commutator rotary amplifier 


of the four-pole armature winding 


SS The calculation of the m.m.f. of the amplifier 
| 


interpoles does not differ from analogous calcula- 
tions of the ordinary d.c. machines. It is necessary 


to point out that the presence ina two-stage amp- 


ty . lification stage simplifies the commutation prob- 


- 


~ . lifier of a separate armature winding for each amp- 


| ‘, lem, since there is the possibility of the choice of 


the voltage of the two-pole armature winding, and 


FIG. 3. Magnetic network of consequently of the winding parameters. 


a two-stage amplifier with 


interpoles. 


The three - stage amplifier 


The two-commutator rotary amplifier may be made as a three-stage amplifier, 


as diagramatically shown in Fig. 4 


FIG. 4. The equivalent circuit of a three-stage amplifier. 


The three-stage amplifier differs in construction from the two-stage machine 
in that an additional pair of brushes, 5 - 5,, is fixed on the commutator of the two- 


pole wmature winding, these brushes being placed perpendicular to the line of the 
brushes 4 - A,. Brushes A - A, are placed, as stated above, on the two-pole mag- 


netic neutral axis (m.n.a.). Brushes 4 - A, are short-circuited. Two windings are 


connected to the brushes 4 - 4,, the winding of the four-pole excitation system F, 


and the compensation winding F¢, which is fixed onthe same cores as the control 


winding Fo. The role of the four-pole excitation winding F, of the amplifier has al- 


ready been discussed; the action of the compensation winding is to compensate for 


the armature reaction, occuring along the longitudinal axis of the two-pole system. 
From the circuit of a three-stage amplifier, shown in Fig. 4, it is clear that the 
properties of a two-stage amplifier with a cross-field are used for the first two 
stages of amplification. The flux of the control winding Fo, produced by the current 
I,, induces an e.m.f. in the two-pole armature winding, which induces a current /, 
in the network of the short-circuited brushes 4 - 4,. The current of the two-pole 
armature winding induces a flux in the direction of the cross-axis of the two-pole 
magnetic system, which in its turn induces an e.m.f. in the same armature winding. 
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Two-commutator rotary amplifier 


Hence, a current /, is produced in the network of brushes 6 - 6,. The current /, in- 
duces m.m.f. F, which determines the output voltage Vout and the load current /,. 


The total power amplification factor of a three-stage amplifier is : 


x. Vout: le 
U1 


in Oo 


In a three-stage amplifier, the addition of two brushes on the commutator, and of the 


compensation winding F. on the poles, does not increase the size of the machine in 


comparison with a two-stage amplifier. This also permits a considerable increase of 


the power amplification factor. 


The work of a two-stage two-commutator rotary amplifier in transient conditions 


The analysis of transient conditions in a two-stage amplifier of the type in 


question is carried out, certain assumptions being made. These are usually accepted 


for the analysis of transient conditions in multi-stage amplifiers. 


958 
The initial equations for a two-stage amplifier, when a constant voltage l jn is 
applied to one of its control windings, are : 
. (a) equations for the balance of e.m.f.’s: 
w, 


=r,i,+ 


out 


the balance of m.m.f.’s: 


(b) conditions for 


a,?, 


a,?, 


where i, — the current in the control winding, i, — the current in the four-pole field 
winding, ~, and w, — the number of tums in the two- and four-pole field windings, 
r, and r, — resistances of the two- and four-pole field windings; c, and c, — con- 

stants of the amplifier, a, and a, — factors of proportionality between m.m.f. and the 
magnetic flux, ®, and ®, — two- and four-pole magnetic fluxes, Foyt — e.m.f. at the 


output of the amplifier. 


The solution of this equation gives: 


kik 
FE (p) = U; 
out in (] 4 pT,) (] + pT) 


where &, = mae - amplification factor of the first stage; 
141 
“sn 
k, = 2 —- amplification factor of the second stage; 
T, = “it _ time constant of the two-stage field network; 
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— time constant of the four-pole field network. 


Thus, a two-stage amplifier behaves as an inertial amplifying link of the second 
order and is characterized by the equation analogous to the equation of a rotary 


cross-field amplifier with a full compensation of the axial armature reaction. 


Tests of an experimental model of an amplifier 


For the experimental investigation of fundamental working chacteristics of a 
two-stage amplifier a special experimental model of such an amplifier was made in 


the electric machines laboratory of the Leningrad Institute of Railway Transport 


Engineers. 


The amplifier has the following nominal chacteristic: P = 2 kW; 50 V; 
current / = 40 4; 2 = 2850 r.p.m. The amplifier was made on the base of a PN-17.5 
l.c. machine. On the armature, on its two si les, are fixed two commutators, one of 
which is connected to the two-pole and the other to the four-pole winding. The fun- 


lamental data of the amplifier are given in the appendix. 
The static and dynamic characteristics were recorded during the test 


Fig. 5 shows the characteristics of the no-load running of the first stage (curve 
1). and of the second stage (curve 2). From these characteristics, the saturation of 


the magnetic system of the amplifier and its zone of insensitivity can be deduced. 


In Fig. 6 a characteristic of the amplifier on load is shown, recorded at a con- 
stant resistance of the load R; = 1.60. From these characteristics the dependence of the 
poweraamplification factor on Rout is obtained (Ff ig.7). It is necessary to point out that 
the power amplification factor of this experimental model of a two stage amplifier is com- 


paratively small, owing to defects inthe manufacture of the experimental mode! 


viu T Preliminary tests of a three-stage amplifier 


[~") +_—1 have shown that its power amplification factor, 


Z é in comparison with a two-stage amplifier, is in- 


creased considerably more than 20 times. 


a 


The dynamic characteristics were deter- 


mined by me suring the rate of increase of the 


voltage at the output of the amplifier, after 


conne cting one of its control windings to a 


source of constant volta ge. 


Fig. 8 shows the oscillograms of the volt- 


age variation at the output of the amplifier, in 


no-load conditions, and during its work on load. 


Control power was e qual to 2 W. The rate of 


volt ige-increase per second was more than five 


times the nominal value of the voltage. This 


figure is quite permissible for many systems of 


FIG.5. Characteristics of no-load running 1utomatic control, in which similar amplifiers 
of the first (1) and second (2) stages of can be used. 
the test-mode! of the an plifier. 
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FIG. 7. Power amplif 
FIG. 6. The load characteristics tion factor K, as & func- 


of the test-model of the amplifier 
tion of the power at the 
taken at a .constant resistance 
output of the amplifier. 


Ry 1.6 9) 


0.05 sex 


l 37 V 


out 


a) 
FIG. 8. Oscillograms of the amplifier voltage in no-load conditions 
(a), and under load (b). 


dU, 
90 V/sec.; 250 V/sec. 


dt 


dU, \ d 
(b) — = 144 V/sec.; ae 
dt } — dt 
U, — voltage at the output of the first stage; Vout — voltage at the 
output of the second stage. 


205 V/sec. 


Conclusions 


(1) The power obtained from such a machine equals up to 50 — 55 per cent of 


that of a machine of the normal type and of the same size. 


(2) The specific features and the most important problems in the design of an 
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amplifier are : 


(a) determination of the optimum ratio of the volumes of the armature slot, oc- 


cupied by the first and the second stage windings; 


(b) the determination of the optimum ratio of the areas of the slot opening oc- 
cupied by the fieid windings of the corresponding stages of an amplifier. Obviously, 
the static and dynamic properties of an amplifier will depend on these ratios and on 


the degree of utilization of its size for the power supplied. 


For better determination of the qualitative induces of the amplifiers of the type 
in question, in comparison with the figures for other types, a more detailed analysis 
and comparative tests of different amplifiers are needed. 

Such investigations will enable classification of the different types of ampli- 
fiers according to the requirements imposed upon them in different systems of auto- 
matic control. A very important advantage of the amplifiers in question, in compari- 
son with amplifiers with an axial field, is the possibility of their use in conditions 


of variable load resistance, without any additional mechanisms. 


Appendix 


Fundamental numerical data 

Armature diameter _ = 135mm; the length of the armature /q@= 135mm; the 
number of slots 7 = 20; the number of commutator segments for a four-pole system 
(2p = 4) K, = 59; for a two-pole system (2p = 2), A, = 60. Air gap under the main 


poles 5 = 1.5mm. 


The data of the two-pole armature winding 


Two-pole armature winding is laid in the lower part of the slot and occupies 


38 per cent of its volume. Number of conductors in a slot — 24; the number of wind- 


ings in a section w. = 4; area of the cross-section of the winding q = 1.21 mm’; slot 
pitch — y, = 10; armature winding resistance — Rg = 0.90 2, 


Four-pole field winding of the amplifier 
Number of turns per pole «, = 72; area of copper cross-section of the winding 


q, = 2.99mm?; winding resistance R, = 0.93 2); time constant 7, = 0.112 sec. 


First control winding 

Number of turns per pole uo, = 485; area of the copper cross-section of the 
winding go, = 0.152 mm’; winding resistance Ry, = 100 02, time constant 
Te, = 0.069 sec. 


Second control winding 
Number of turns per pole we, = 485; area of the copper cross-section 
Go; = 0.152mm’, winding resistance Ro, = 10012, time constant 7, = 0.069 sec. 


Translated by S. Szymanski, Dipl. 


! 
4 
a 
4 
4 
1958 
4 
7 
8 
7 
q 


['wo-commutator rotary amplifier 


REFERENCES 


1. A. Vallini; Rotary amplifiers, L’Energia, Elettrica (1953). 
2. M.G. Say (Editor); Rotary amplifiers (1954). 


4 
958 
| 
: 


THEORY OF THE ELECTRICAL CIRCUIT FOR THE 
THREE - PHASE ORE-REDUCTION FURNACE* 


N.A. MARKOV 


Kuibyshev Industrial Institute 


(Received 1 Februan 1957) 


In the ore-reduction arc furnace the arcs burn under a layer of hard charge substances. 
The conducting charge produces a charge current circuit in the furnace, parallel to 
the arc. In addition reduction furnace has a layer of slag and melt separating 


the arc from the poo me |. and which is connecte ! in series with the are 


} ig 1 is a representative diagram for the electric al « ircuit of an install ition 
with a three-phase ore-reduction furnace. In this diagram the resistance of the arc, 
the charge and the laver are replaced by resistances, and the resistances of the 
suppiy circuit Dy resistances an | inductive reactances. The resistances of the arcs 
and charge for the separate circuit phases are connected to two parallel! star con- 


nexions The furn ice may also contain ch irge resistances conne ted in mesh be- 


tween the electrodes of the separate furn ice phases This impedance mesh may be 


repiaced by an evUly silent star connexion, which 1s also connected in parallel with 


the arc resistance star connexions 


Both the arc resistances and those of the charge and the layer of melt alter 
during operation of the furnace 


When all the furn ice phases are loa led c tually in j the circuit is symmetric al, 
the values characterizing the electrical working conditions of the furnace are linked 


by the following equations 
(1) 
(2) 
where | is the phase voltage of the circuit, ¢ is the total electrode current, ris the 
supply circuit resistance, 1 is the supply circuit inductance, X¢ is the layer resist- 
ance, Re} is the charge resistance and uJ is the arc voltage; in the con litions in an 
ore-reduction furnace. this may be assumed not to lepend on the current and to be 


linearly dependent on arc length 
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The theory of the electrical circuit for the three-phase ore-reduction furnace ll 


If there is no layer of 
melt (PR 0), the volt- 


iges between the en ls of 


the arc and the charge are 


identic 11 an remain un- 


changed in magnitude if 


the ar« length is constant 


Therefore, when the 


charge resistance alters 


and the arc iength is con- 


stant, the tot al ele trode 
current remains unchanged 


| 
1 
an 2 ind ail that occurs is re- 


listribution of the current 


between the arc an 1 the 


LL. juivaient for a three-phase ore-reduction fur- charge |} 


nace electrical unit. 


If there is no laver of melt (RX 0). the voltages between the ends of the are and 


the charge are identi sl an l rem iin unchange linen ignitu le if the are length is con- 
stant Therefore, when the charge resistance slters and the ar length is constant, 


the total electrode current remains unchanged and al! that occurs is redistribution 


of the current between the arc und the ch rg@e ii 


For the total electrode current, we have 


and for the melt layer current 


td (4) 


ts 


The curve for the voltage across the ends of the charge and of the arc, approxi- 
mately equal to the furnace voltage, will, depending on time, in a given case be 


sinusoidal with a trun ated top ind small excitation an 1 extinction spikes (f ig. 2). 


The size of the angle a = wt, which defines the moments of arc excitation and 
extinction, depends on the charge resistance und the charge current. The lower the 
resistance of the charge and the higher the current in it, the larger the angle a and 


also the interval of time between arc extinction and excitation. 
It follows from the curves in Fig. 2, that the relationship between the currents 
in the charge for different charge resistances and constant ar¢ voltage is determined 


by the equation 


hl sin 


SID 


If the arc voltage is of square form, the arc current will be 


ie 
af 
ly 
— 
j j 
/ 
55 : 
= 
i 
+ 
i id + bd 
R sh 
: 
5 
(5) 
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The arc current curve is practically sinusoidal, particularly in the three-phase 
circuits of an ore-reduction furnace with no neutral conductor, since there are no 


third and multiples-of-three harmonic components in the current curve for a symmetri- 


cal circuit. 


The curve for the current in 


the charge during arc burning 


is of square form, similar to 


the arc potential curve; when 


the arc is extinguished, the 


curve for the current in the 


charge is of sinusoidal form 


: [2]. The curve for the total 


(a) (b) current may be obtained as 


FIG. 2. Curves for fumace voltages and currents for differ’ the sum of the arc and charge 


ent charge resistances. (a) for Rshli (b) for Reh? Rshl. current curves (Fig. 2). 


Let us resolve the curve for the voltage across the ends of the arc and charge 


into Fourier series. 


Between 0 and a the change in this curve is expressed by the equation 


y, = mA sin x 


7 
and between a and — by the equation 


y, = A, 
where A is the height of the square part of the curve and m4 is the sine curve ampli- 


tude of the sinusoidal! part of the curve; it follows that the amplitudes of the harmonic 


components are determined from the equation 


A, - | mAsinxsinkx dx Asinkx dx 


) 


__ 4A m 
= 2(1—k) 


sin(] + &)a + COS 


‘ 


and that the voltage across the ends of the charge and the arc may be represented as 


follows : 


“= | sinzz--cosa Sim x sin 2a 


sin4da COS 3a) sin 3x sin ta (7) 


- >> Sin Ts cos 5a) sin ox + 


| 
= — sin (6) 
ire 
/ 
\ | 
an 
| | / 
j 
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The theory of the electrical circuit for the three-phase ore-reduction fumace 


The presence of a layer of melt alters the correlation between the electrical 
values of the circuit, and changes the aspect of the curve for the voltage across the 
charge. 


In this case the voltage across the charge (the furnace voltage) will be: 


lin = ud + idRs (8) 


and the current in the charge will be: 


ish = Un/Rep = (ug + iqRs)/Rsp (9) 
If the resistance of the charge alters at the same time as the currents in the 
charge and in the arc are redistributed, the furnace voltage also will change, and so 


in consequence will the total current. 

The presence of a layer of melt can therefore be gauged from the changes in fur- 
nace voltage where there are changes in the charge resistance, for example when 
charging the furnace. If, for example, the resistance of the charge is increased for 
fixed electrode positions, this will reduce the current in the charge and increase the 
current in the arc, and will in consequence raise the furnace voltage, according to 
equation (8), from up_} to u_9. At the same time, with circuit voltages and supply 
circuit resistances unchanged, the total current will drop from /, to /, according to the 
equation 


The difference between these famnace potentials is: 
Uni = dy — ldo) Rs = — 5h1 + Isha) Rs» 
and in consequence 
Rg = — / — + sho) (11) 
Since the curve for arc current is almost sinusoidal for a symmetrical circuit, 


the curve for voltage drop in the layer will also be almost sinusoidal. Therefore the 


curve for furnace voltage against time will, disregarding the arc excitation and ex- 
tinction spikes, be depicted by two sine curves of different amplitudes and periods: 
the sine curve for voltage drop in the charge and that for voltage drop in the layer 
(Fig. 3). 

Let us resolve this curve into Fourier series. Since the alteration in this curve 
between 0 and a is expressed by the equation : 


= mA sin x 
and between a and 7/2 by the equation: 
¥2 = sin lx, 


where nA is the amplitude of the sine curve for voltage drop in the layer, and since 
l = (7 — 2a)/m, the relationship of the arc burning time interval to a half-cycle, there- 
fore the amplitudes of the harmonic components are determined by the equation : 


i 
- 
i 
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A,= < sin x sinkx dx j (A-+-nAsin Ix) sin kx dx | = 


4A m m 
sin (| — k)a— + k)a+ cosa + 


5 [sin —k) —sin(l—k)a 


| sin ( +k) > —sin (t+ 


FIG. 3. Curves for furnace voltages for different layer and charge resistances. 


(a) for (b) R.}. 


Therefore the furnace voltage may be represented as follows : 


‘= {{|— Fsin2a+ cosa i) (sina + sin =) — 


~; [sin a —sin 2a(I sin +{[ Fsin2a—F-sin4a cos 3a + 
[sina +sin 2a(1 + 
[sina + sin 2a =)]} sin3x+ 


+{[%F sin 4a — sin 62 + cos 5a +3757 5) [ —sina + sin 2a (! +=)] 


— [sina —sin 2a (3 — +) |} sin 5x +...}. 


Since the curve for total current is depicted, as is the furnace voltage curve, by 


two sine curves, both with a layer present and without a layer, the total current may 


\4 
‘ 
T 
— 
y 
1 9 5 Q 
3 | | 
/ \ | / 
(a) (b) 
4 
4 
a 
4 
4 
3 
= 
| 
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in both cases be represented by a series of the same type as (12), the value of 4 
being equal to the ordinate up to a horizontal straight line drawn through the point 


of intersection of the sine curves (Fig. 3). 


The shape of the total current curve in an ore-reduction furnace does not there- 
fore depend solely on the shape of the arc potential curve, as is the case with a 


steel melting furnace, but also on the correlation of arc, charge and layer resistances. 


If the circuit is three-phase with no neutral conductor, as is the case in a three- 
phase ore-reduction furnace, with a symmetrical circuit there are no third and mul- 


tiples-of-three harmonic components in the current curve. 


Where the circuit is non-symmetrical, third and multiples-of-three harmonic cur- 


rent-components appear in the circuit even where there is no neutral conductor. 


For example, if the are lengths and potentials differ in individual phases of the 
circuit, currents with third and multiples-of-three harmonics will pass in these 


phases, their values being determined from the equations: 


Yit Yat Ys 


where and )3 are the voltages of the third and multiples-of- 
three harmonics of the first, second and third phases, and y,, ya) and y, are the con- 


ductivities of the separate phases, including the arc conductivities. 


These currents will supplement the currents for the separate phases and dis- 


tort the current curves of these phases. 


The third harmonics will reach their maximum during two-phase short-circuiting 
of arcs in operation, when u(3,_.)2 = 9, u(3,_.)3 = 9 ind the phase currents for 
¥, = ¥2 = are as follows: 


2 


The determination of the size of the voltage between the neutral points of a fur- 
nace and furnace transformer with respect to the resistances of the charge and the 
layer is of practical interest, since this voltage can easily be measured in a working 
furnace and used for determining the resistance of the charge. 

This voltage is formed by third and multiples-of-three harmonic voltage com- 


ponents and occurs where there are electric arcs in a circuit even when the circuit 


is completely symmetrical. 


Its value is arrived at from the equation : 


u=V t..., 


: 
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where Us, Us, ys etc. are the third, ninth, etc. voltage components for Jifferent cir- 


cuit phases. 


The form taken by the curve for this potential depends on the shape of the fur- 


nace potential curve. 


Its value for different correlations between charge, arc and layer resistances 


may be calculated by the equations given above. 


Fig. 4 shows curves for the relationship between this voltage and the charge 
current. drawn on the basis of calculations made for different charge and layer re- 
sistances. We can see that as the charge current increases the voltage of the third 
and multiples-of-three harmonics decreases, while the reduction follows different 


courses depending on the resistance of the layer. 


When the charge current is 
08 —— varied between 0 and 60 per cent 
as | of the total current, i.e. within the 
charge-current limits encountered 
in practice, the relationship of the 


voltage between the furnace cand 


transformer neutral points, where 


| = | no layer is present, is very close 


i 
0 ai 


eA to linear and may be expressed as: 
FIG. 4. Relationships of the voltages between the 


furnace and transformer neutral points to the charge lg = to (1 — 1gp/1), (16) 


current for a symmetrical circuit. - 
where uw is the voltage between nevu- 


tral points without a charge (Rep = ~, / 5, = 0), and / = the total electrode current. 


If there is no charge, then since the arc voltage curve is of square form, the vol- 
tage value uc will be one third of that at the arc ends. The arc voltage may be 
measured in the furnace when there is no layer, or may be calculated by equation (10) 


from the measured total furnace current. 


The ue line can easily be drawn from equation (16) through two points: (a) the 


first point: = 0, uo = ud; (b) the second point: = /, wo = 0. 


The curves in Fig. 4 and equation (16), may be used for determining values for 
charge resistance from electrical instrument measurements. 


Fig. 5 is a circuit for the connexion of the electrical measuring instruments re- 


quired for the determination of charge and layer resistances in a furnace. 


To determine the charge resistance, where the furnace is symmetrically charged 
the voltage between the neutral points, the total current and the furnace potential 
must be measured. The charge current and charge resistance are determined from the 


upper curve in Fig. 4 by the equation: 
Rsh = 4n/|sh- (17) 


The charge current may also be calculated from the equation : 
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= (1 = (18) 


If there is no charge, the resistance of the layer is determined from the readings 
of a voltmeter connected between the neutral points of furnace and transformer, by 


the well-known equation: 


= (um — 3uo) / I. (19) 


However, where a charge is present, the resistance 


of the laver cannot be determined by this method, since 


the value of the potential uo depends on the charge re- 


sistance. In this case, if the charge resistance has 


been determined, the charge current can be calculated, 


and the resistance of the layer may be determined from 


the curves in Fig. 4 for a measured value of uo and the 


calculated charge current. Charge and layer resistances 


may only be determined by this method for voltage uo 
where the circuit is fully symmetrical and the furnace 


charging uniform. 


Conclusions 


(1) The non-sinusoidal nature of the curves for the 


furnace potential and the current in the electrical cir- 


cuits of ore-reduction furnaces caused by the exist- 


ence of charge and layer resistances has features dis- 


tinguishing these curves from those for the electrical 


circuits in steel-melting furnaces. 


(2) The problems of the theory of ore-reduction fur- 


nace electrical circuits which have been analysed en- 


able us to increase the accuracy of the procedure for 
FIG. 5. Diagram for measuring calculating these circuits; it becomes possible to cal- 
charge and layer resistances. cylate working currents and operating short-circuit 

currents, furnace characteristics and supply circuit 


impedances, the sinusoidal nature of the current curves being allowed for. 


(3) The method proposed for determining the charge and layer resistances en- 
ables us to determine them from readings given by instruments set up outside the 


furnace. 


Translated by J.H. Dixon 
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THE UNIVERSAL CHARACTERISTICS OF THE DYNAMIC 
BRAKING OF ASYNCHRONOUS MOTORS * 


V.1. KLIUCHEY 


ow Power Institute 


(Received 29 April 1957) 


The existing methods used for calculating the mechanical characteristics of the dy- 
namic braking of asynchronous motors acc ording to a scheme with separate excita- 
tion from a d.c. circuit are founded on the use of the motor magnetization curve 

FE, = f(y). Use of the magnetization curve is made necessary by the saturation of 


the magnetic circuit which takes place in the great majority of cases in practice. 


The saturation is allowed for in analytical methods of calculation by the use «of 
a non-linear or prec ewise-linear approximation of the magnetization curve. As a rule 
sufficient closeness of approximation over a wide range of magnetizing current 
values is not obtained, nor at the same time are correlations convenient for the cal- 
culation produced. Analytical methods of calculation have not therefore been applied 


in practic e. 


The graphic analysis method of calculation |2- 4), which is based on direct use 
of the motor magnetization curve and equations (1) and (2) below, is at present the 
method most widely used in practice 

FE? 


» 


where /¢ is the rated stator alternating current phase in amperes, equivalent to the 


direct current /,.. relating to the generated magnetizing force of the stator winding; 


FE, is the atator phase e.m.f., in volts; Fi is the magnetizing current in amperes; 


xp = FE, /1p, the inductive reactance of magnetization, in ohms; x, is the reduced 
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rotor winding leakage inductive reactance, in ohms; R, = r, + Rj,, the full reduced re- 
sistance of the rotor phase, in ohms; r, is the reduced resistance of the rotor winding 


phase, in ohms; Ss = @/ Wo, the slip in dynamic braking; and V is the moment, in kg m. 


The values of F, being known, xp is determined from the magnetization curve; 
the slip is then found from equation (1). The corresponding v alue for the moment VY 
is determined from equation (2). Calculations are made for points, and to draw the 
mechanical characteristic VW = f(s) takes a great time, particularly when calculating 


the static characteristics of dynamic braking in automati« control systems. 


In this connexion, efforts to obtain universal mechanical characteristics in rela- 
tive units, generalized for the greatest possible number of series of asynchronous 


motors, are of great practical interest. Much work was done in this direction at the 


Moscow Power Institute (2, 3). 


It was shown to be possible, on the basis of analysis of the magnetization 
curves for isolated s1z7es8 In various series, to generalize the magnetization curves 
in relative units for motors in a given series to an accuracy of +5 per cent; it was 
found to be impossible to generalize the magnetization curves for different series 
with acceptable accuracy. At the same time, analysis of the parameters showed that 
it is not possible to generalize either the basic parameters or various combinations 
of them. even for motors in a single series, let alone for those in every series. Thus 
attempts to simplify the calculations by using universal curves have not yet led to 


the required results. 


Analysis of the works indicated draws one to conclude that the relative units 
system adopted at present |2, 4) must be renounced if we are to obtain universal 
curves which are suitable for calculations of dynamic braking for motors in different 
series. A relative units system must be found which, when employing universal 
characteristics, will allow us to take into account the features of a particular 
machine both regarding its parameters and its magnetization curve. The first step in 


this direction was taken by Prof. 4.T. Golovan in his published works. Dynamic 


braking characteristics are adduced in {1} in relative units which make it possible 


to take a number of specific motor characteristics into account; the applicability of 
these characteristics however, as the author remarks, is limited to low-power motors. 
The present article puts forward universal characteristics which can be used inthe 


majority of cases in practice. 


Generalization of the magnetization curves is based on a system of relative units 
in which the open circuit current /o, for = and the stator phase e.m.f. 
F ge Corresponding to this current are taken as the basic quantities of the magnetiz- 
ing currert and e.m.f. Here the difference between the magnetization curves for sepa- 
rate sizes and series is governed on the one hand by discrepancy in the magnetiza- 
tion curve shapes, and on the other hand by different levels of saturation of the mag- 
netic circuit at specified voltage. It is impossible to eliminate the difference between 
the shapes of the characteristics by selecting other basic quantities; there are how- 
ever grounds for supposing that this difference may not be important. The influence 
of the second feature can be fully eliminated if we take as basic quantities for each 
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specific motor the rated e.m.f Ea und the rated open circuit current lop, correspond- 


ing to that e.m.f. in con litions where the magnetic circuit is saturated to an e tual 


degree : 


bh. F 


(3) 


Where a magnetization curve for e = {(igu) exists which corresponds to the rated 


basic quantities, it is possible to pros eed to the characteristic ¢, {ipy) corre s- 


ponding to the calculated basic quantities by using the following relationships 


n up 


Thus universal dynamic braking characteristics calculated on the basis of some 
magnetization curve assume las basic, may be used for spec ific motors with an ac- 


curacy determined by the degree to which the shapes of the magnetization curves co- 


incide. The magnetization curve for the motor in question may serve as the basis for 


the selection of the coefficients be and bj. However, in the majority of cases the 


person performing the calc ulations Is not in possession of these data, and to obtain 


them is a very laborious process. The con lusion mentioned above that the 


e flin) magnetization curves can be generalized for motors of individual series is 


therefore of great practical interest. 


2 
2s 


os 10 “5 20 25 30 35 40 45 50 


FIG. 1. Magnetization curves for asynchronous motors. 1 - FAMSO, AT, A; 
2- AM, DA; 3- MT; 4- MTK; 5 - KT-55/1003; 6 - AK61-6; 7 - AK61-4. 

— generalized relationships; — — — — — relationships obtained 
experimentally. 
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curves for series VT, VTK, (2) and FAMSO,DA, AT 


Generalized e 
f(iu) curve may be used to advantage as the 


and A [3] are shown in Fig. 1. The e 
basic magnetization characteristics for FAMSO, AT and A series motors, the curve 


being common to this group of series. The values of the coefficients 6, and 6; 


selected from a state of equal saturation are set out in Table 1. 
Points on the ep = 


ABLE 1. 
curves, calculated on the 


| wT MTK h | basis of juations (4) using 
&A the coefficients set out in 


1.00 3 | 0.86 | 0.93 1,30 lable 1, are plotted in Fig. 1. 
| | 7 ees Over the whole range of mag- 


1.00 0.70! 0.84! 1.52 


lie in practice on the e= 


netizing current these points 


curve taken as the basic 


curve; this confirms that uni- 
versal characteristics calculated from a basic curve can be used with equal accuracy 
for motors of all series enumerated. 


Series AK and KT. whose generalized curves are lacking, are represented as ex- 
amples by the experimental magnetization curves for the AK 61-4, AK 61-6 and 
KT -55/1003 motors. The values of 5, and 5; used for calculating the corre sponding 
f(iu,) curves for these motors are giyen in Table 1. These curves 


points on the en 
= f(iu). Thus, when the 


also practically coincide with the basic characteristic e 


appropriate basic quantities are selected, on the one hand the limits within which 


the magnetization curves can be generalized become wider and on the other hand 
calculations from universal dynamic braking characteristics, where a magnetization 


curve exists for a given type of machine, become more accurate. 


We will adopt the following basic unit system from now on: 
40 

b, 


Using (5), equation (1) becomes: 
From this we can obtain the following equation for the universal characteristic 


ep = fig, So) by simple transformations 
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The universal characteristics of the dynamic braking of asynchronous motors 


where s, = s/Sp, the relative slip, and sp = R; bu %, the calculated slip. 


In a similar way we can obtain from equation (2) an equation for the universal 


characteristic m= 


where m= V YW», the relative moment value, and py 0.306/@o bp bj » 12 x, the cal- 


culated moment value in kg m 


With the aid of the magnetization curve, relationships (6) and (7) establish the 
link between the relative values for the moment m, the slip s and the direct current 


ig for a given value of the parameter x, 7 tabulated in Table 


rARLE 2 The alues of lie 
between 0.025 ind 0.1, 


while the lower values 
correspond to high- 


speed high-power motors. 


Taking this into account 
M 
I and using equations (6) 


and (7) and the mag- 


FAMSO 
netization characteristic 


selec ted above. two 


DA 
groups of universal m 


AT, AM f(s») characteristics 


were calculated for a 

constant ip, these 
groups corresponding to the intermediate values of x,7 of 0.04 and 0.08 (Fig. 2). Com- 
parison of the curves corresponding to these values of x4 confirms that to disregard 
the value of x,;, as is recommended in a number of published works, for low and aver- 


age power machines, may involve errors of 10-12 per cent in determining the moment. 


On the other hand it is evident that the groups of curves shown in Fig. 2 enable us 


to take the effect of this parameter sufficiently accurately into account. 


The value of the stator current /,, ensuring the specified maximum braking 


moment Vay for a motor may be determined from the universal characteristics 


Mnay = {lig¢), Xa being a constant, given in Fig. 3. For this purpose the relative 
must be determined; the corresponding relative 


value for the moment 


stator current i¢ must then be found from the curves in Fig. 3. 


ix 


The direct current magnitude is calculated from the equation 


K sx bjloig. 


where k,, = /,/Ip, a coefficient depending on the stator winding circuit diagram |1,4}. 


The 4 = f(s) characteristic, where i¢ is constant, is calculated from the corres- 
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FIG. 2. Universal mechanical characteristics of the 
dynamic braking of asynchronous motors; for 
Xd = 0.04; — — — — for ad = 0.08. 


ponding universal m = f(s.) curve (ig constant) from the following equations: 


0,305 
M=mM, =m 6, 61, Xo; 
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The universal characteristics of the dynamic braking of asynchronous motors 


If it 1s necessary to determine the vdditional resistance of the rotor cir« ult 


Rj., for which the unknown characteristic passes through specific points V, and s,, 


the corresponding slip so, is determined, with the aid of the relative moment value 


from the universal characteristics. 


The additional resistance "), is calculated from the equation 


[The static characteristics in control systems icting on the stator current m ig- 
nitude during dynamic braking can be calculated in a minimum of time from universal 
characteristics. If for example /,, f(s), then this relationship can be expressed, 
using the correlations given above, in relative units by i, (so), and the points for 
the mechanical characteristics of contro! systems can be determined directly from the 


m= curves (where ig¢ is constant). 


It is necessary to dwell! briefly on the recommendations met in technical litera- 
ture, according to which the mechanical characteristic for the dynamic braking of an 
asvnchronous motor can be le lu e 1. for known Vv 1lues of maximum moment in | the 
slip corresponding to them, from the well known simplified equation for the mechani- 


cal characteristics of asynchronous motors 
Vi 


max 


Fig. 4 shows the W = /(s) characteristics (where ig is constant) for WT 31-6 
motors, calculated using the universal curves according to the parameters for this 
motor given in [4], the characteristics obtained by equation (8) and also the corres- 
ponding experimental curves. Ve can see from comparison of the curves that satura- 
tion alters the shape of the characteristic; the error in determining the moment may 
reach 20-30 per cent for a given slip; calculations from equation (8) should there be 
considered to be approximate. The initial data necessary for calculation may be ob- 


tained from the curves given in Fig. 3 


Just as when using the initial graphic analysis method, it is necessary to know 
a number of motor parameters, f,, r, and /, in order to make calculations using uni- 
versal curves. The effect of errors in the determination of each of these parameters 
on the accuracy of the calculations varies. For example, the value of r, is necessary 
for calculations for a d.c. circuit, and a certain amount of inaccuracy in its deter- 
mination has no material! effect. Errors in determining 7, involve inaccuracy in com- 
putation of the slip corresponding to a given moment value. The greater the adidition- 
al resistance of the rotor circuit 7, the less the inaccuracy. Inaccuracy in deter- 
mining the open circuit current /, involves the highest error in calculation, since it 
is used for determination of the moments V and the direct current /,. Therefore cal- 
culations must be based, in important cases, on reliable motor parameter values, and 
their determination from catalogue data can only be recommended for rough calcula- 


tions. 
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Mmax? 50 max 


} 

™ max 
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004 0.08 012 016 


FIG. 4. The dynamic braking mechanical 


characteristics for the MT-31-6 motor. 
FIG. 3. The relationships m flip) . 
i max E 1 - calculated from universal character- 


f ) “ 
and So max (ig) for constant x, d. istics; - calculated from equation (8); 


1- where Xad 


9 
0.04; 2- where Xd 0.08, 3 - experimental curves. 


When using the generalized magnetization curves given in Fig. 1, calculation of 
dynamic braking from universal characteristics cuts down the labour involved by 
many times and provides the same accuracy as is given by ilculation from the 
initial equations (1) and (2) checked experimentally [2, 3). At the same time, the 
great advantage of universal characteristics is that thay may also be used directly 
for the known magnetization curve for a specific motor or for a generalized curve for 
a series not given in Table 1. To do this, values for the coefficients b, and 5; pro- 
viding maximum coincidence between the en AUT 7 curve .and the m 1gnetization 
curve taken as basic must be selected. Thus the proposed curves can, in the major- 
ity of cases, in practice facilitate calculation of the static chacteristics of the 


braking of asynchronous motors. 
Translated by J.H. Dixon 
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ARCING SHORT-CIRCLITS ON 400 kV TRANSMISSION 
LINES AND METHODS OF DEALING WITH THEM* 


4.5. MAIKOPAR and N.N. BELIAKON 


Central ™ ientifi und Research trotecnhnic al aboratory, 


Vios« ow le« tric Station 


(Rece ive Septe mbher ]957 


On 400 kV transmission lines with a solidly earthed neutral, we have to expect 
nainiy single phase short-circuits to earth As | > to the iines with lower 


electric strength of the path of the arc after switch- 


voltages, the restoring 1¢ 


ing off the phase becomes more lifficult on 400 kV lines because of ippreciable 


influence of the current at the point of damage caused by capacitive and electro- 
nagnetic onnections between the disconnected phase and the working phases 
The supply current which will fl point of the fault. siter automatic ally 


switching ff the faulty section of the line will sustain the electric aré for 1 cer- 


tain time The next reciosing can be dont only after the extinction of the ar¢ and 


restoration of the electric strength This circumstance not only deltines the p 


f 


ing of protective re lavs but also exerts an intiuence on the total lay-out of switch- 


gear on the 100 k\ lines In particular, the probien rf connecting shunting reac- 


tors lirectiy to the line or through the « cuit-breakers is tly connec ted with 


the extinguishing of the sustaine i current are Several works are known dealing 
with research on the sust sined current arcs 1-5 Neverthe ess, they 

idea of the rang of sustained currents for which it is possible to use 
single-phase automatic reclosing As a result of these work it is assumed that 


the extinguishing « » sustained current arc is possibie for the currents of the 
order of 12-15 A 


Research into powerful open arcs, « arried out by the C.S.R.E.L., has shown 
that an electric arc is capable of self-extinction even for currents of a few hun- 
ired ampres. if the conditions exist for a substantial increase of its length [6 

On this basis the investigations of the sustained current con litions were under- 
taken t xperi nents on a6 k\ model have shown that the extinction of the sus- 


tained current arc for gradients of 5-15 kV ‘m occurs for currents up to 75-100 A. 


and experiments on a 220 kV grid 750 km long have shown the possibility of 
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extinction of the sustained current arc in the real conditions for currents of 30 A, 


(7). Further experiments have been carried out on the 400 kV line from Kuibvshev 


Hydroelectric Power Station Moscow. The results are given in this article 


The values of the sustained currents and the restoring Vv »yltages at the plac e 


of flash-over determine to a considerable degree the time of burning of the arc. 


In considering various separate cases, used for calculations, it is necessary 


to bear in mind that in the case of a single-ph ase automatic reclosing, the phenom- 


enon of the sust sined current is conditioned by the presence on the s yund phases 


of the voltage of industrial frequency and of the working current, and, in the case 


of three - phase reclosing, by the presence of voltages varying in time on the sound 


phases during their capacitive discharge into the earth. 


If a voltage transformer is connected to the 400 kV line, then the discharge of 


the line into it will have an aperiodic character. For a section of the line 200- 


500 km long the time constant of the aperi odi¢ discharge is about 0.0] sec. The 


process of the lischarge will be practically finished in 0.05 se« ind will not pro- 


duce any appre« iable sustained current phenomenon Therefore, in future, there is 


no need to consider this case. If the voltage transformer and the reactor are con- 


nected to the line, then the discharge process will be determined by the ratio of 


the capacitance of the line and the parameters of the reactor, in so far as the 


resistance of the reactor is smaller than the resistance of the voltage transformer 


by a few orders of magnitude. In this case, there will be an oscillatory discharge, 


and the constants of the discharge process will vary according to the length of 


the disconnected section. These constants are calculated by known formulae. 


The data, necessary for calculations of the amplitude values of the discharge 


current, proper frequency and time constant of discharge as a function of the 


length of the 400 kV line, are given in Table | 


TABLE | 


Values for one phase 


Phase c apac 


Element of the | Resistance Inductance 
Mutual inter- 


electro of the of the tance with Interphase 
phase induc- 


transmission positiv e positive ‘ respe t to capac itance 
ance 
sequence sequence earth 
R (Q) L M(H) Co UF ) C, UF) 


Line (for 1 km) 0.2 0.93 x 107 | 0.86 =x 10° 8.6 x 10° 1.28 x 10° 


As can be seen from the graphs on Fig.l, the values of the parameters character- 


izing the discharge of the line in relation to the length of the section vary rather 


: 
7 
= 
; 
3 
5 
= 
= 


58 
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0,50}—50 + 


500 750 (km) 


FIG.1. The values of the amplitudes of the dis- 
charge current/,,, time constant of the discharge 
rand the proper frequency fo at the discharge of 
the line through the shunting reactor as a func- 
tion of the length of the disconnected section. 


fied circuit of the line element with distributed constants, as shown in Fig.2. 


this diagram, two sound phases are replaced by an equivalent single phase, the 
This assumption enables us to exclude 


voltage along it being assumed constant. 


consideration of the inductance and the resistance of the equivalent phase. 
mutual inductance between the sound phases and the disconnected phase of the 


section is accounted for by the introduction into the faulty phase of the c.m.f. of 


the mutual inductance. 
The differential equation of the line element 
has the following form: 
- joLl +-joMl 
| 


al 


= jw0,U +(U —U,)joC, 

where = 0.5 Us; l, = ly C= 

U4, and 1/4 are the voltage and current in the 
phase equivalent to the two sound 
phases; 

Uy and /y are the voltages and currents in the 


sound phases; and 
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considerably. Nevertheless, the current of discharge and its proper frequency are 
of the same order as the working current of the 400 kV line and its working fre- 


The time constant of the dis- 
charge r is equal to a fraction 
of a second; therefore we have 
to reckon with the fact that the 
voltage on the sound phases of 
the line and the discharge cur- 
rent will maintain sustained 


current conditions at the faulty 
place through the disconnected 


phase for 1 sec or more. 


Thus, calculation of the sus- 


tained currents and of the re- 


covery voltages should be done 


for two cases: switching off 


one phase and switching off all 
three phases in the presence of 


a reactor. The general formulae 


for these quantities are deduc- 
ted on the basis of the simpli- 
In 


The 
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FIG.2. The diagram of the 

element of the line with dis- 

tributed parameters for the 
calculated example. 
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U and / are the voltage and current in the disconnected phase. 


Solving simultaneously the equations (1) for the section of the line of length 
l, we have: 
joM 
— shyl; 


-ch 


where a -wLlC. Z 


U, and /, refer to the beginning of the section; and U, and /, refer to the end of 
the section. 
Let us divide the section of the line in question into two parts: X and /-x. 


Let us establish for each of them the boundary conditions: 


For the beginning of the part X: U U; ! = 0; for the end of the part X: 
Uy; / : ly; for the beginning of the p art l om Xi l Uy; / ly; for the end ; 
of the part 1 -X: U=U,; 1=0; At the junction of two parts: Ly = Uy; ly =—ly 


Using equations (2) and the boundary conditions we get the following expres- 


sions: for the recovery voltage on the disconnected phase 


for the magnetization current 
[tanyx — tany (/ 
As can be seen from formulae (3), voltage Uy and current /y have two components: 
the first of them depends on the voltage on the sound phases ind is due to the 
capacitive connexion between sound and faulty phases, and the second depends 


on currents in the sound phases and is due to the mutual inductance. 


On the basis of data given in Table 1, we obtain the distribution of the com- 
ponents of the recovery voltage and of the sustained current for different lengths 
of the disconnected section of the line in the case of an automatic single-phase 


reclosing after break. The value of the current /4 is assumed equal to 700A. 


The plotting of graphs of distribution in Figs 3 and 4 is done in such a way 
that the ordinate axis corresponds to the middle of the disconnected section, and 
the variable coordinate to the faulty place. 

From graphs in Fig. 3 and 4, it is seen that the capacitive component of the 


recovery voltage does not vary along the section; we can also assume that the 


capacitive component of the sustained current remains constant along the section. 


mee a 
aa 
a 7 i ‘ 47 +3 
| — cos yx y(l x) 
L. S yx syil x) 
x ic, +f iy 06.406) 
tan yx —tany(/ — x) 
(3) 
al 
4 
7 
5 
= 


Arcing short-circuits on 400 kV transmission lines and methods of dealing with them 31] 


Inductive components of the sustained current and of the recovery voltage are 

equal to zero when the short-circuit occurs at the central point of the section, and 
for short-circuits at the ends of the section they have maximum values. The induc- 
tive component of the voltage has a positive value when the short-circuit occurs 

at one end of the section, and a negative one when it occurs at the other end of the 


section. The value of the resultant of the inductive and capacitive components 


depends upon the angle between the current, which produces them, and the voltage 
on the sound phases; the maximum value of the resultant also occurs at the end 


of the section. 


The above method may also be used for calculations of the sustained current 
and of the recovery voltage in the case then a shunting reactor is connected at the 
end of the section of the line. Since, however, the maximum values of these 
quantities are of primary importance, we give below the formulae for calculations 
in the case when a short-circuit occurs at the end of the section opposite to that 
where the shunting reactor is connected. The boundary condition for this case 
will be: at the end of the section in which the fault occurred U = Ug; ]=0; at 
the end of the section with a reactor U = Ly Xp; / = 1, where X, = wl, — inductive 


reactance of the reactor. 


250 xm 


l km l 
km 00 0 100 200 km 


FIG.3. Capacitive U. and inductive U; com- 
ponent of the voltage on the disconnected 
phase (in the absence of the reactor). 


FIG.4. Capacitive /, and inductive /; com- 

ponents of the sustained fault current when 

one phase is disconnected (in the absence 
of the reactor). 


Using equations (2) and the boundary conditions we get: 
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sin yl — — (1 — cosy!) 
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Z. 
1 — cos yi —— sin yl 
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Z 
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absence of a reactor, the recovery voltage 


FIG.5 The sustained current and the 


recovery voltage on the lisconne« ted 


phase for a point of the end at the 
section (a) one phase disconnected, 
reactor absent; (b) one phase discon 
nected, reactor present; (ec) three 


phases disconnected, reactor present 
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U,=U, + 
= Z also have two components 


x 
P 
z (4) current and voltage, des- 
sin yi — —£ (1— cos pite the previously assum- 
/ — jU - ed values of different 


the cases when the reactors are present and when they are absent. 


I In the case of a single-phase automatic reclosing after the break and in the 


Here, the recovery voltage 


and the sustained current 


each, one of the com- 


ponents being capacitive 


and the other inductive. 


, For calculation of the 


resultant values of the 


parameters, cos @ of the 


transmission was taken 


equal to unity, which 


approximately corresponds 
1958 


to the conditions of normal 


power Fig.5 shows the 


results of calculations for 


varies within the limits 30-60 k\ 
according to the length of the section. 


In the case when a reactor is present, 


its inductance and interph ise capaci- 


tance appe ir as if connec ted in series, 


because of this, voltage resonance is 


possible, and, hence, a considerable 


increase of voltage on the faulty phase. 


E-quating to zero the denominator of one 


of the terms for the voltage (4), we find 


that the resonance occurs for the length 


of the section 


c 

re ; tan j 
es } / Cy 


Calculations show that in . 290 km. 


Although, in fact, resonance over-volt- 


age is limited by the saturation of the 


reactor and the discharge, nevertheless 


it is necessary to reckon with a con- 


siderable increase of voltage. In the 


presence of a reactor, the sustained 


current also reaches a considerably 


higher value than in its absence. 
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In calculating the sustained current and the recovery voltage for conditions at 
the three-phase automatic reclosing after break, the values of the discharge current 


and of the proper frequency of the discharge for each length of the section were 


taken in accordance with graphs in Fig.l. Voltage on the sound phases was 
assumed to be equal to the nominal, the damping of the discharge current was dis- 
regarded, angles between vectors of the discharge currents and voltages of the 
sound phases were taken equal to 90 el. deg. The results of calculations are 


given on Fig.5. The sustained current was a little smaller, and the recovery volt- 


age bigger than for conditions in the case of a single-phase automatic reclosing in 
the absence of a reactor. The sustained current in the case of a single-phase 


automatic reclosing in the presence of a reactor was approcimately equal to 0.3 


A /km, and in the same case, in the absence of a reactor, to 0.2 A/km. In the case 


of the three-phase automatic reclosing in the presence of a reactor, the current 


equalled 0.1 A/km. 


The diagram of the 400 kV line Kuibyshev - Moscow, during the experiments 
carried out by the C.S.R.E.L., is shown on Fig.6. Wind during these experiments 


was weak. 


10 kV 


Kuibyshev 
Eastern Yp-2 hydro-electric 


\ substation station 
» 


— 


de 
\> 


n ky 


FIG.6. The diagram of the 400 kV Kuibyshev - Moscow line during the 
experiments with extinction of the sustained faulty current arc. 


Arcing short-circuit on the group of insulators of the suspension type was produced 


by means of a copper wire of 1 mm? cross-section. After fixing the wire, all three 


phases were switched on and the arc was struck. 


The damaged phase was disconnected by a breaker after 0.14 sec, and after 


this, the sustained current arc remained. The voltages of all three phases, the 


current of one sound phasé, the short-circuit current and the sustained current 


were recorded by a magneto-electric ossillograph. The photographs of the arc 
were taken by a cine-camera at the rate of 32 frames/sec. Cine - frames of the 


experiment on the section of the line 815 km long, in the absence of reactors, are 


given in Fig.7, and the oscillograms of this experiment in Fig.8. 


During the short-circuit stage, the arc on the film appears as a luminous cloud; 


later the luminous gases, surrounding the arc disperse and the patch of the sus- 


tained current arc can be clearly seen; this path gradually becomes longer, bend- 


ing sideways and upwards, at the expense of thermal forces of the previous short- 


circuit and due to its own thermal effect; after this comes extinction. 
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frame short-circuit with the following sustained 


rrent ar (a) rt-circu ct th ine wrrent arc before the beginning of 


extinction 00 urrent 


urrent —— 


FIG.8. Oscillogran : } d the graph of the resistance of the path of 


the ar it a the sing! ph sort-circuit and switching off one phase l voltage of 


the * vellow® wrent of the llow” phase /,. Ill — voltage of the “green” 


phase U, 1V - voltage on the ar (of the “re phase) U, \ Current Vi short- 


urrent / i {] the Deginoine of the short-circuit; (2) connecting of the sound 


5 
with a delay; (3) switching off the “re -_ phase ithe end of the short-circuit). 


As can be seen from the oscillogram in Fig.8, after switching off, the sustain- 
ed current flows through the discharge channel; the current gra lually lecreases 
with the lengthening f the channel and the volt ige increases on the ar 
resistance of the path if the sustained current arc, whose graph of variation is 
plotted using the oscillogram data, shows a ste idy increase during the whole pro- 
cess This arc dies away due to the steady decrease of current caused by the in- 
creasing resistance of the path This process of extinction occurred in ill experi- 
ments and is typi nl for the sustained current arc The extinction of open power- 
ful arcs occurred in a similar way in all the experiments performed by Burgsdorf 


6 In 1s few cases in these experiments, single restrikes may be observed, these 


being pec uliar to arcs in capacitive networks 


The oscillogram of the experiment on switching-off all three phases on a sec- 


tion of the line 117 km long, without a reactor, is shown in big.Qa In this « ase, 


the discharge of the sound phases of the line and the sustained current correspond- 
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ing- to it have an aperiodic character The discharge lasts only 1.5-2 periods of 


industrial frequency; therefore, reclosing with a delay of 0.3 sec proves successful. 
The oscillograms of the experiment on switching off all three phases on a 


section of the line 635 km long with the reactor are shown in Fig.9b. In this case, 


the discharge of sound phases through the reactor, after they have been switc hed 


off, proceeds at a fre juency of 3l c/s per sec and with small jamping, and this 


agrees with calculations. The curve of the sustained current has an irregular 


shape. and the extinction of the arc occurs during 0.2 se The reclosing after 


0.3 sec also proves suc esful 


Table 2 shows the results of the experiments carried out on the line from 


Kuibyshev to Moscow. The experimental values of the sustained current are 


taken after the first half pe 


age on the disconnected phase is taken at its established value 


sfter switching off the short-circuit, and the volt- 


la all experiments, the short-circuit current was e jual to 2.000 A, and the 


time of short-circuit 0.14 sex 


b 


FIG.9. Oscillograms of the experiments with the three-phase switching off and reclosing. 
(a) section of the line with a voltage transformer; (b) section of the line with a voltage 
transformer and reactor. |—voltage of the “yellow” phase U,; I1—current of the “yellow® 
phase T,; Ill—voltage of the “green” phase U,; [1V —voltage of the arc (of the *red® 
phase) U,; V —current /,,; Vi—short-circuit current Ish. (1) the beginning of the short- 
circuit; (2) reclosing of the sound phase with a delay; (3) switching off the “red” 
phase (the end of the short-circuit); (4) switching off the “yellow® and “green” phases; 


(5) reclosing of the “red® phase; (6) reclosing of the “yellow” and “green® phases. 


The data of the table show a satisfactory coincidence of calculated and measured 
values of the sustained currents and recovery voltages on the disconnec ted phase. 
Experimentally obtained values of the times of arc extinction in relation to 


the sustained current for a single-phase automatic reclosing are plotted in Fig.10 


as dots. As can be seen from this graph, these points show a considerable disper- 
sion, due to the characteristic instability of the arc. 
It is necessary to point out that the experiments were carried out on the line 


without load, and without the sustained current component, due to the inter-phase 
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If 


the experiments were 


mutual inductance. 


Capacitive com carried out on the line 


with a normal load, the 


of sus 
(sec) 


sustained current would 


Voltage 
Length the discon ustained 
Kind of ” the nected ees =< have been greater 
experiment line phase (kV 
x 3 3 Es 
7 of time for arc extinc- 
i gis le 
~ tron and considering an 
Single phase A.R 0 idditional interval of 
time of the order 0.05 
sec, necessary for the 


recovery o! the electri 


| ~ - = ing strength of the path 


after the arc extinction, 


as an 


o we can assume, 


approximation, that the 


| 
| 
Y.G.R as 10 
eas | ; sustained current and 
s 10.1 currentless interval for 
623 Y.G.R the Single-phase auto- 
‘ reclosing of the 
line without a reactor, 
* Reclosing succesfully done after 0.5 sex are linearly dependent 
° ° ° 0.27 sec 
eee . . . © 0.26 sec (straight line on Fig.10). 


Therefrom we can de- 


rive the relationship between the currentless interval and the length of the discon- 


nected section, if the relationship between the length of the section and the sus- 


tained current has been determined earlier (see Fig.7). The corresponding approx- 


imate formula is 


tsfar = 0.003 / 


where fc,,, is the necessary curreatless interval for the single-phase automatic re- 


closing (sec) and / is the length of the section (km) 


With the reactor, which causes an increase in the recovery voltage, the neces- 


sary curreatless interval will be appreciably longer than that obtained by formula 


(6). 


In conditions approaching resonance the sustained current arc may remain 


unextinguished. 


So far as the 400 kV line from Kuibyshev to Moscow is concerned, such con- 


ditions may occur on the section between the switching points 3 and 2, of length 
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274 km. and on the section between switching points 2 and 1, of length 244 km, if 


resonance occurs, as was found earlier, on the length of the disconnex ted 2900 km 
section. 

The resonant increase of the voltage on the disconnected phase can be danger- 
cus for the insulation of the connected transformers and for the shunting reactor 
The real value of the over- voltage may be found only experimentally 

lor the successful use of the single-phase iutomatic rec losing on the sections 
considered of the line from Kuibyshev to Moscow, it is possible, for the single- 
phase short-circuit, to switch off the shunting reactor simultaneously with switch- 
ing off the faulty phase. In designing 400 kV lines it is necessary to choose such 
distances between the switchgears that the conditions for the resonant increase of 


voltage should not arise when switching off one phase. 


If the shunting reactors are sufficiently reliable and damage to them is less 


probable than serious damage to the line itself, excluding the possibility of its 


reclosing after break, then we can omit the breaker in the network of the reactor. 


For the three-phase automatic reclos- 


ing with a reactor, the durations of arc 
extinction show a considerable disper- 


sion, but the maximum dur ition does not 


exceed 0.2 sec. Therefore, in this case, 


we may suc cessfully use the so-c alled 


juick-acting automatic re losing, for 


which the interv il is determined by the 
time of the separation of the arc break- 


ing contacts of the air breaker and their 


consequent reclosing, this time being 


equal to 0.27-0.3 sec, as it was luring 


0 20 40 (A) 


the performed experiments. 


In the conditions of dynamic stability 


FIG.10. Experimentally found durations 
of the electro-transmission it is desir- 

of the arc extinction in relation to the 
able that the currentless interval for the 


current: 
@ — on the section of the line without three-phase automatic reclosing should 
a reactor, © — on the section of the be very small. Nevertheless, the further 


line with a reactor. decrease of the interval of the quick- 

acting automatic switch-on is inadmis- 

sible with shunting reactors. since the relation between the maximum time of the 

burning of the sustained current arc (0.2 sec), and the maximum interval (0.3 sec) 

had a limiting value in the experiments. For deionization and the recovery of the 
electric strength of the path of the arc only 0.1 sec is left. 


If, simultaneously with the disconnection of the three-phases of the line, we 


disconnect the three phases of the shunting reactor as well, then the interval of 


(sec) 
| 
| 
1.0 1 
| 
| | 
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the juick-ac ting automatic rec losing will not be limited by the sustained current 


arc. In this « ise, the duration of the pause will be determined by the time of de- 
1onization ind of the recovery of the elec tric strength of the path of the short- 


Accord to the published dat i, this time does not exc eed 0.2-0.25 


circuit arc. ling 
Taking into consideration that for 


»f short-circuit currents. 
\loscow transmission line, the three-phase short-circuit 


current varies within the limits 1-10 kA, the reduction of the interval of the yuick 


losing, the reactor being disconnected, 
The possibility of the further reduction of the interval 


sec for i large range 


the 400 kV Kuibvshev 


acting automatic rec may be brought down 
to the value of 0.25 se« 
should be confirmed by additional experiments. 


» point out that on the section of the line between Moscow 


It 18s necessary 
ind the extinction of the sus- 


where the reactor is absent, 


and switching point 3, 
we may successfully use the single-phase 


tained current arc takes only 0.05 sec, 
quick-acting reclosing 


In conclusion it is necessary to point out that the effectiveness of the auto- 


matic reclosing on the 400 kV lines, judging from the experience gained from the 


1 290 kV lines, having analogous electrical and 


exploit ation of the 154 kV and Par A | 
mechanic al characteristics, should be hign A, ( ording to CSREI dat i, for the 


period from 1945 to 1954, on the lines with steel cables and the protective ingle 
of 20° or less. there occurred about seventy cases of break - down. Damage due 
to lightning did not occur. 45 per cent of bre uk-downs were of short duration (dirt, 
jamp insulation in marshy regions, various leposits), and in 55 per cent of cases 
the break-downs were due to serious and lasting damage, followed by the conduc- 


tors falling to the ground. It follows that approximately half of the short-circuit 


cases may be handled without prolonged disconnection of the line. 
The authors wish to thank V.V. Burgsdorf for his valuable advice and help 
given during their work and colleagues who particip ated in the experiments. 


Translated by 5. Szymanski 
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EARTHWIRE EARTHING SYSTEMS FOR LONG 
POWER-TRANSMISSION LINES * 
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AI. GERSHENGORN and A.N. SHERENTSIS 
Teploelektroproekt 


(Received 13 July 1957) 


At present, the lightning - protection wires of power transmission lines of all 


voltages are securely earthed at each tower. 


During the design of long-distance 220-400 KV lines, it was established that 
a considerable amount of electrical energy can be lost via earth-wires e arthed at 
many points. These losses are due to the presence of currents in the closed 
circuits of the wire-tower earthing systems, as a result of the electromagnetically 
induced e.m.f. in the earthwires. With the most widely adopted lightning - protec- 
tion system using two earthwires, which are interconne¢ ted through the towers, the 
current obtained is greater than with one earthwire, in which case the circuit is 


completed only through earth. 


Since the energy losses in the earthwires can reach considerable magnitudes, 
it is worthwhile considering the question of isolating them completely or partially 


from earth. 


It should be pointed out that studies have been made in the U.S.S.R. in recent 
years on the question of using, as lightning-protectors, current-carrying conduc- 
tors intended for supplying power to small-scale consumers [1], for driving elec- 
tric motors when carrying out repair work on the line. melting ice-deposits and the 
like. The wires can also be used as communication wires, espe ially during 
erection of the power lines. In this connection, the need again arises to insulate 
the wires from earth. Isolation ofthe earthwire eases the conditions of repair work 
on the lines and also simplifies the measurement of the line-earth resistance at 


the towers. 


Thus, the multiple earthing of earthwires could only be justified if the ad- 


ditional cost of isolating them were not covered by the saving in energy losses. 


* Ekektrichestvo No.1, 25-30, 1958 [ Reprint Order No. El 44]. 
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in obligatory condition for the use of isolated earthwires is the maintenance 
of the same level of protection as is obtained with earthed wires. For this, the 
wires must be earthed through spark gaps which are bridged in the early stages of 
the leader stroke of a lightning discharge, to direct the latter on to the wire. Then 


when the spark gap has been bridged, the subsequent flow of the lightning current 


will proceed as with earthwires. Experimental work, carried out on a model, and 


also the experimental use of sections of 35 to 220 kV power lines with isolated 
earth wires, confirmed that the earthing of wires via spark gaps does not reduce 


their protective properties | 2) . 


On the basis of the results of these investigations, the Technical Management 
of the Ministry for Power Stations decided to suspend the earthwires of 25 to 220 
kV lines on insulators with spark gaps not exceeding 40 to 50 mm. The isolated 
earthwire system has since been extended somewhat to those sections of power 
lines, where the cables are used for reactive power take-off and consumer supply 


or the supply to protective relay circuits. 


Electrical energy losses in earthwires 


If a 400 kV line, for example, 1,000 km long, erected on towers such as are 
used on the Kuibyshev Power Station - Moscow line, has two steel earthwires 
70 mm? in section, earthed at each tower, then the earthwires form a closed circuit 
over each pitch between the towers and the e.m.f. set up in the earthwires at a 
line load of 1.000 VW (on two circuits) is 52V/km, the current in each earthwire 
7 A. the total loss of power in the earthwires about 3MW (in the two circuits) and 


the ve arly energy loss of the order of 10 million kWh (Appendix la). 


In a 350 VW transmission with the two 220 kV lines, 360 km long, the power 


loss in similar earthwires is 380 kW, and the yearly energy loss about 1.8 kWh. 


Earth- 


wire « 


If the cost is taken as 10 kopecks per kh, complete isolation of the earth- 


wires in these lines would give a yearly saving of | million roubles in the first 
case and L1BO.000 rout les in the sex ond. The saving due to isolating the earthwires 


on lower voltage lines would be considerably less, since such lines are compara- 


tively short and the working currents are less. 
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If one of the earthwires is divided into sections, corresponding to the distance 
between strain towers, and each of these sections is isolated, as shown in Fig. 1. 
(earthwire), the closed earthwire circuit will be eliminated; current can flow only 
in the other earthwire and will return through earth. Since the distance between 
towers on long lines is quite considerable [3], we can ignore the current flowing 
at the ends of the sections and consider the earthwire -tower earthing system as a 
single-conductor earthwire - earth line. This system of earthing the wires gives a 
considerable reduction of the additional energy losses in the line, compared with 
the system of earthing both earthwires at many points. If this system is used on 
the 400 and 220 kV lines discussed above, the additional energy loss is reduced 


by 1.8 times (Appendix lb). 


Further reduction of the losses can be achieved by similarly dividing the 
second earthwire into sections and isolating them. In this case, in determining 
the loss on the distance between strain towers, the earthwire -tower circuit 
must be considered with full reference to the flow of current to earth at the 
separate towers (Appendix lc). For example, in the 400 and 220 kV lines 
discussed above, this system of earthing the wires gives a reduction of approxim- 
ately 3 times in the additional energy losses, compared with the system of earth- 


ing both wires at many points. 


In accordance with the decision of the Technical Management of the VES, the 
distance between strain towers on 220 and 400 kV lines with receiving substi- 
utions must not exceed 10 and 15 km respectively, whereas for lines with switch- 
ing stations or stations of limited circuit- breaking capacity, this distance is 
not limited. The length of each section of earthwire in the latter case is deter- 


mined by the distance between angle-strain towers and may exceed 20 to 30 km. 


kw}? 400 k\ £1000 km Fig. 2 shows the relationship between 


additional power losses in the earthwires 


and the section length with earthwires 
earthed at many points; the section 
ust length is plotted as the number of inter- 


mediate spans ind the losses are plotted 


i-360km ona logarithmetic scale. 


It follows from Fig. 2 that even at a 
section length of km, the additional 
energy losses with earthwires earthed 


at many points are considerable. This is 
m 


FIG. 2. 


explained by the fact that the current flow 


at the ends of the earthwire - tower cir- 
cuits occurs over a relatively short 


At medium lengths of section, earthed at many points, the currents flowing 
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in the earthwires are almost equal to those in earthwires of unlimited length, 


earthed at many points. Therefore, to eliminate additional losses of energy, it is 


also advantageous to avoid the use of sectionalized earthwires earthed at many 


points. 


Earthwire isolation 


If an earthwire is to be completely isolated, the insulator must be selected 


for the maximum voltage which can be set. up in the earthwire in service. This 


voltage is that produced by the capacitative linkage between the earthwire and 


the line conductors (Appendix II). 


Furthermore, the earthwire insulator must withstand the voltage set up by 


the longitudinal e.m.f., induced in the earthwire jue to short - circuits on the line. 


This e.m.f. will be a maximum for an asymetric short-circuit to earth. 


The e.m.f. induced in the earthwire of a three - phase line, when a single-phase 


short-circuit occurs in phase a, can be expressed by the following formula (Ap- 


pendix la) 


/ Dom 
E = j0.145-/ ak 


‘ 


This formula is equally valid for each of the earthwires on a line. 


The maximum voltage due to the capacitative linkage, on the length between 


two towers, under normal working conditions, is 31 k\on 100kV lines, and 9kV on 


2%) kV lines. Thus, the earthwire insulators on 400 kV lines may consist of strings 
4 


of three insulators of the type P-4.5, and on 220 kV lines, of a single insulator of 


the same type. 


is undesirable, since it compli- 


Complete earthwire isolation on 400 kV lines 


cates the tower design for these lines. In addition, the setting up f high voltages 


in the earthwires may make the use of such lines somewhat more difficult. 


The total e.m.f. induced in an earthwire when there is a single-phase short 


circuit on the line, depends on the uninterrupted length of earthwire. Over the 


length of a complete transposition cycle, which may be taken as 250 kn for a 


100k V line the total longitudinal e.m.f. at a current »f 5.O00A may reach the 


comparatively high value of 45kV. 


The size of the spark gap must be such as to ensure isolation of the earth- 


wire under normal working conditions, whilst retaining the lightning-protection 


properties of the earthwire and ensuring self-exti nction of the supplementary cur- 


rent arc after the spark gap has been bridged. For 400kV lines the required spark 


gap size must be determined experimentally. 
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The value of the total longitudinal e.m.f. can be reduced by dividing the earth- 
wire into sections of shorter length. With a section length of earthwire earthed at 


one point equal to say 10km (distance between strain towers), the total longitudinal 


e.m.f. must not lead to voltages in the earthwire exceeding l|kv relative to earth. 


In this case also, the earthwire insulators on 400kV lines can consist of a single 
insulation of type P- 4.5, with a 25 mm spark gap in parallel. In that case, the 
earthing system under consideration will be analogous, as regards its lightning- 
protection effect, to that used on 110 and 220 kV lines for equipment with reactive 
power ltake- ff, and additional experin ental confirmation of the lightning -prote« - 
tion effect of the earthwires is unnecessary. Reduction of the length of earthwire 


sections is ulso necessary, as will be shown below. on grounds of safety. 


A current will flow from an earthwire earthed at one point through the earthing 
connexion to earth. owing to the capacitative linkage between the earthwire and 


line conductors, and a voltage difference with respect to earth will be 


the corresp mding tower or at several towers, connected to the other e urthed wire. 


The current in the earthwire earthing connection will be a maximum when the 
line 1s operating un ler unbalanced phase conditions. lo determine it, it is suf- 
ficient to use the Vaxwell equations for many conductor systems (Appendix II). 


The required current is 
{= joq,.. 


where Im is the charge on the earthwire, obt sined from the combined solution 
of the system of Vaxwell equations, which are set up under the as- 


sumption that the voltage in the cable is zero. 


Calculations show that. over the distance between switching stations in a 
400k \ line, the current in the earthwire under unbalanced phase conditions may 
attain 12 A. so that the voltage on the tower, at a resistance of 10 2 in the tower 
footing. may attain 120, which cannot be allowed from safety considerations. The 
current flowing in the earthwire over the distance between strain towers is less 
than 1.5 A; the voltage on the tower in this case does not exceed the permitted 


value even in the absence of a connection between it and the next tower through 


the other earthwire. 


Comparison of earthwire earthing systems 


A cost comparison, on the basis of the calculations made, established that the 
expense of isolating the earthwires on both 400 kV and 220 kV lines will be re- 
covered within one vear. Thus, the economic advantage of eliminating the earthing 
of the earth wires at many points throughout the length of 400 and 220 kV lines 


is quite obvious. 


In connexion with increasing the resistance to current flow by isolating the 
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earthwires, doubts arose during the design of the 400k\V Kuibyshev-Voscow line, 
as to whether the selector devices on the single-phase circuit - breakers would 
operate normally in cases of a single-phase short - circuit. This consideration 
resulted in the decision not to divide both earth wires into sections corresponding 


to the distance between strain -towers, eac h section earthed at one point only. 


[he system adopted for earthing the earth-wires on the Kuibyshev - Moscow 
transmission line is shown in Fig. 1. It satisfies all the specified requirements; 
namely, reduction of additional losses of electri: al energy, reduction of the ad- 
ditional costs of isolating the earth wires and retention of stable operation of the 
automatic control e juipment. Earth wire | of each circuit is isolated by means of 
a single insulator of type P-4.5 and divided into line sections corresponding to the 
distance between strain-towers; each section is earthed at one point (at one of the 
strain towers). Earth wire (2) is divided into sections of the same length, earthed 
at each intermediate tower and at one strain tower. At the other strain tower, earth 
wire (2) is isolated by one insulator. To increase the degree of lightning protection 
for the 400 kV equipment at the approaches to substations ind intermediate switch- 


ing points, both earth wires on each circuit are directly earthed over a 5km section. 


No diminution of lightning protection has been observed since the Kuibyshev - 


Moscow line has been in operation. 


The doubt mentioned above, that the protective relay and automatic equipment 
would operate incorrectly, is not supported by experin ental operation of transmis- 
sion lines which have been working for a long time without earth wires. It must 
therefore be further recommended that on long 220 and 400 kV lines, the two earth 
wires on all the lines should be isolated, and divided into sections corresponding 


to the distance between strain-towers, since this system 1s the most economical. 


It should be noted that earth wire (2) in Fig. 1, although earthed at each tower, 


is suspended on single insulators of type P-4.5 with spark gaps. On the Kuibyshev- 


Voscow line, this makes it possible to proc eed to the system of isolating both 
earth wires. 

The above calculations of the voltages which may arise in earthwires show 
that it is essential to earth the earthwire sections directly at one point on 400 kV 
lines. As for the earthwires on 220 kV lines, it is possible not to earth them, but 


merely to provide spark gaps. 


It should be noted that to divide earth wires into sections and earth each at 


one point prevents their use as current-carrying conductors. 


If only one earth wire is erected on a line, then to reduce additional energy 
losses it is also recommended to divide this into sections corresponding to the 


distance between strain-towers. 
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Appendix 1. Determination of energy losses 


a) Farthwires forming a two-c onductor short-circuit loop. 


The flow of current in the line conductors induces an e.m.f. in the earthwires. 


At a frequency of 50 c/s, the induced e.m.f. in the earthwire [4] is 


pol 


where 1), is the distance between the phase conductor and the earth wire, 
D, is the depth of the equivalent earth return current (5); 


l is the current in phase p. 
p 


As is well known, under normal symmetrical conditions of operation, the currents 


flowing in the different phase conductors are related as follows: 


/ Dye 
j0.145/ a? log + 


a 


and in earthwire 7, : 


Die 


e J 
where /, is the current in phase a conductor; 
D,. is the distance between the phase a conductor and the earthwire; 


D,, is the same for phase 6; 


D., is the same for phase c. 


It is assumed that the earth wires and conductors are arranged symmetrically 


on the tower with respect to the vertical axis. 


If the earthwires are earthed at each tower on the line, then over each span 
the e.m.f. induced in the earthwires will produce currents in the earth-wires, towers 


and earth, since there are earthed wire-tower circuits. 


Phe biggest energy loss will be due to currents flowing in the short-circuit 


loop formed by the earthwires. 


| 
15 
38 
Re j 
= 3 so that the e.m.f. induced in earth wire 7, (Fig. 3) is: 
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The current in this loop is; 


Here Z, is the impedance of the earth wire; 


Z re + j0.145 In 


‘ 


where D, is the distance between the earth wires; 


r.. is the equivalent radius of cross section of the earth wire 


The active power loss over lkm length of the loop is 


AP, = —Re'! E. 


“ h ere 


[he approximate yearly loss of energy in the earthwires of a two-circuit line 


can be found in the normal way. 


where r+ is the loss time from the loading curve at some average point (hr); 


l is the length of the line, in km. 


In its final form the formula for determining losses is: 
3. 0.145/ tog 
| 0.145 10g 
where / is the load on one circuit of the line at some average point ( A). 


4) Farthwire - earth loop 


Since the resistance of an earthwire — earth loop between towers is consider- 


ably greater than the footing resistances at the ends, particularly at substations 


4 
46 
4 
4 
4 
4 
3 1 9 5 say 
2 
a 
a 
5 
‘ SA 
at 


Earthwire earthing systems for long power transmission lines 


and switching-points, where this resistance is at most 0.5 2, the earthwire — tower 


loops can be regarded as short-circuits. Then the e.m.f. is 


and the impedance of the earthwire-earth loop is 


D 


e 


= 0.05 j0.14510¢—, 


and the current of the loop is 


The active power loss over lkm of the line is 
SP, =—Re E 
1 


and the energy loss is 


lo 
é 
“a 


tae 
0.145106— 

e 


If the line has only one earthwire earthed at many points, then 


/ D. 
4 


2, 0.145] 
Dae 


+ 0.05 


0 145 log- 


lo determine the loss in the earthwire-earth loop it is borne in mind that 


long-distance power transmission lines are constructed with extended transposi- 


tion cycles. 


c) Farthwires - towers earthing systemon sections between strain-towers 


If a section earthed at many points is limited to the distance between strain- 
towers and is not electrically connected to other earthwire sections, then to cal- 


culate the energy losses it is necessary to take into account the flow of current 


in the whole earthwire-tower system [5]. 


Let an earthwire earthed at many points have n spans, i.e. earthed at n+1 
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towers: the footing resistances of the towers can be taken to be identical and 


equal to R, whilst the resistance of the earthwire- earth loop for each span is 


where / ,, is the span length. 
A chain of this type 1s active, uniform and finite. 
The current in the span of earthwire between towers & and k + | is 


I—B 


where A is the coefficient of voltage drop at each successive tower 


in an infinitely long chain: 


Z is the input resistance of an infinitely long chain with identical param- 


eters for each unit: 


B is the ratio between the currents at the two ends of a given finite chain, 


forming part of an infinitely long chain: 


B 


The active power loss in the chain considered is: 


> 
SP = = Z 


a 


The energy loss for the entire two- chain line is 
l 
BA = = Rez— > 
am 
28(1—A~") 
where V is the number of strain towers for one circuit of the line; 


approximately 


Z = 7 l 
4 
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where /, is the distance between strain - towers. 


Appendix Il. Determination of the voltage on an isolated earthwire. 


If the effect of the earth is replaced by the effect of mirror-image conductors 
with the same voltage but opposite sign, then each circuit of the line gives a 
system of six conductors with given voltages relative to earth, and the earthwire 


under consideration is in the electrical field thereby produced. 


The charges ¢,, 74 and g,on the conductors can be found from the correspond- 
ing Maxwell equations [6 |. In the case of a symmetrical system, in which the 
conductors are arranged in a right-handed sequence and symmetrical horizontally 
on the tower (Fig.3), the system of equations can be written in the following 
simplified form [ 4}: 

+ Goh, + 


a 


One, 
Gals + 


a 7 
a 


ab 


Ay hy == log 


is the distance between phase a and 6 conductors; 
is the distance between phase a and c conductors; 
is the distance between phase a conductor and the mirror 
image of phase ) conductor; 
Déc is the same for phase c. 
As a result of the combined solution of the equations we obtain: 


. A’ . ” 
Gq = 0. Gp = Ge = 
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Assuming that the earthwires are thin and arranged accurately along equipo- 


tential surfac es, the voltage in then relative to earth can be found 
¢ 


] Dine 


— 


= 


Change in the order of sequence of the phases leads to conjugate values for 
the voltage in the earthwire 


The voltage in an ecarthwire when the line is operating under unbalanced phase 


conditions depends the condition of the conductor which is out of the circuit. 


If the conductor is isolated then one must first determine some average voltage 


a this conductor over the entire length of the transposition 


which will be produced i 


evcle, and then use the original equations to determine the charges ¢,, ¢, and q,. 


If the conductor is connected to earth, the voltage in it can be taken as zero. 


Translated by Bishop 
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EXPERIMENTAL DETERMINATION OF PARAMETERS OF 
ELECTRO - TRANSMISSION: KUIBYSHEV HYDRO - 
ELECTRIC POWER STATION — MOSCOW* 


ARTEW’EY and S.S. SHUR 


Science and Research Institute for Direct Current 


(Received 15 1 pril 1957) 


For purposes of research, calculations, designing etc., it is necessary to know the 
parameters of electro-transmission not only for a frequency of 50 c/s, but also for 
frequencies within the range of variation of free oscillations in different transient 


processes and abnormal! conditions. 


The experiments the results of which are discussed in this article were con- 
ducted on two sections of the southern grid of the transmission line from Kuibyshev 
hydro-electric power station to Moscow; that is, Moscow - Vladimir, with a length of 


117 km, and Moscow - Arzamas with a length of 391 km. 


Let us mention the main characteristic features of the line from Kuibyshev 


hydro-electric station to Voscow. 


The phases of this line are divided into three components, situated at the 
apices of an equilateral triangle with a distance between the components of 2d= 40cm. 
\ mark ACO-480 cable is used for the line. The diameter of each on the three con- 
ductors is 2a = 302 mm. The total cross-section of aluminium is in the phase 1,440 
mm?. The distance between phases is /) = 10.5 m; the height of the cables above the 
earth is 21.85 m; the mean value of the sag equals 11.9 m and the mean length of the 
span equals 450 m. On each section of the line, that is between any two switchgear 


points ot sub-stations, there is a full cycle transposition. The line is protected by 


two steel lightning-cables of 70 mm? cross-section; one of them is earthed through 
the towers along the whole length of the line, and the second one is insulated by 
arcing gaps. The angle of the protection cone is equal to about 17°. The earthing re- 
sistance of most of the towers varies within the range 2-6 {2. The dependence of the 
parameters of the transmission line on the frequency may be determined by two 
me thods: 

(1) by measuring these parameters in stabilized conditions when feeding the line 


from a generator with a large variation of frequency; 
(2) by measurements in unstabilized conditions of the discharge of a battery of 
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capacitors into networks consisting of feeders of the line and earth (“method of 


damped oscillations”). 


The first method has the advantage that it is simple to use for interpreting ex- 
perimental data. It disadvantages are that it is complex and expensive, that highly 
specialized equipment is required and that the exact measurement of resistance is 


difficult. 


The second method has the advantages that it is simple to use, the equipment 


is readily available and reliable experimental! data for determination of inductive re- 


actances and resistances can easily be obtained. Its disadvantages are a rather 


cumbersome process of interpreting experimental data, and the necessity of arranging 


additional experiments for determination of capacitances of the system, since the 


error in finding them by the method of damped oscillations may be of the order of 


10-15 per cent. 


Taking into account the above advantages and disadvantages of the two methods, 
and the fact that for frequencies of less than 10 c/s per sec and height of the cables 
above the earth not exceeding a few tens of meters, the capacitances of the system 


58 


are practically independent of the frequencies [1], and it is expedient to combine 


the two methods. We determine the proper and relative capacitances of the trans- 


mission system by the first method with a frequency of 50 c/s per sec and rated vol- 


tage. Inductive reactances and resistances for positive and zero sequences of the 


line, in a given range of frequencies, are measured by the second method. 


Interphase capacitances and phase capacitances with respect to earth may be 


determined from the experiment, diagrammatically shown in Fig. 1. To ensure accur- 


acy of the measurements, it is necessary to fulfil two conditions: 


7 
(1) the wave length of the section of line on test should be much less than 3 


(2) the voltage graph during the test must not be distorted by the presence of 


higher harmonics. The more accurately these conditions are satisfied, the greater 


is the accuracy of the equations: 


/ | 


where (,, is the capacitance of the phase with respect to earth per unit length of the 


line and C,, the interphase capacitance per unit length of the line. 


The experiments made on the discharging of a battery of capacitors into the net- 


work consisting of phases of line and earth, enable us to determine the parameters 


of the equivalent circuit, representing the section of the line in question. 


If the line is closed at one end and has a battery of capacitors at the other, then 


it may be shown, in the case of free oscillations of the system, that all harmonics 


with an index & > | are damped, approximately in accordance with the law 
1, in accordance with the law 


exp (-Ryt/L&) and harmonics with the index 4 
exp (2,t/2L,); i.e. much more slowly, since for k > 1, because of the presence of 


skin - effect, R,/2L, < %/2L4. Therefore, after 2 - 3 half-periods of oscillations of 
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the lowest frequency, 
all high harmonic Ss of 
the free oscillations, 
having index A l, 


will die out and the 


curve of discharge 


will practically be- 


come a damped sinu- 
Winding of the 
400 kV 

transformer starting from a cer- 


to the 
| oscillograph tain half-period, the 


line may be repre sent- 


soid. Therefore. 


ed with sufficient ac- 
curacy by i single 
FIG. 1. Diagram for measurement of inductances of the line. 
e juivalent network, 
drawn for the lowest 
frequency of free oscillations, as shown in Fig. 2. 


The equation characterizing the circuit in Fig. 2 will have the form: 
Rd bar [ 7 Chat RC 


(2) 


It is easy to show that, if the relations ?d < Ry and 10 Cy < Chat are satisfied, 
then, up to the value of the operator p < (—0.2 + 71) 10° equation (2) may be replaced 
by a simpler one 

r)- 2 
7 22p + — (3) 
where 


1 | Che 2 


= 


The error resulting from this simplification will be less than | per cent. The 


ratio of two adjacent maxima of the curve will be equal to exp (27a/w), 


(&) 


whence 
mar 


= In 


On the basis of this discussion, we may formu- | 
late the following requirements, which must be | 
satisfiedto ensure the reliability of experimen- 

| 


tal results: 


| 


(1) resistances of connecting leads, earth- ee 


ings etc. should be smal! in comparison with the FIG. 2. Network of the experiment 


total resistance to be measured ; damped oscillations. 1.7 - form 
equivalent circuit of the lines; Ra - 
(2) capacitance of the battery should be at total resistance of the connecting 


least to the order of one magnitude greater than conductors and earthings. 


: 
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the total capacitance of the line; 

(3) dischargé currents should be sufficiently large, so that any occasional in- 
fluences may be disregarded, and small enough, so that we may consider earthing 
resistances as linear and constant. The most suitable current to meet these con- 
ditions will be the current within the range of a few tens to a few hundreds of 


amperes. 


Having found the discharge frequency from the oscillographs and the ratio of 
two adjacent maxima of the curve i\*) J} mex We determine by formulae (4) and 
(5) the resistance and inductive reactance of the circuit shown in the equivalent cir- 


cuit diagram of the section of the line on test. 


The parameters of the equivalent circuit Ra, Ln and Cn are expressed by the 
wave-length A and wave impedance 7R of the line, and, consequently, by the line 
parameters per unit length of the line. 

In the case in question, the equivalent circuit of the line on test is set up for 
the operator p = — a + jw; i.e. for a damped oscillations process. Because of this, 
the usual formulae relating line parameters per unit length and lumped parameters 
of the e juivalent circuit Rn ind La with juantities A and 7R, should be transformed. 
Deduction of these formulae is given in Appendix I. Only the final results and the 
order of calculation of the line parameters per unit length of the circuit in question 


are given here for the frequency w and damping a. 


We shall ignore the influence of the resistance on reactances of the equivalent 
circuit; it is well known that this simplification does not cause errors exceeding a 
fraction of 1 per cent, even for lines with a length of 60 — 70 el.deg. In this case, 
reactive components of the imped ince and admittance of the e juivalent circuit of the 


line network in question may be written in such a form: 


jol =JZ, sina; 


Ww here 
Zn? 


L and C being inductance and capacitance per unit length of the line circuit on test. 


By cross-multiplication of the first equation of (6) by the second equation of (4), 


we have 


(7) 


bat 


Multiplying equation (7) by the second equation of (6), and, substituting into the re- 


sulting expression the value 1/Cp, + Chat from equation (7), we obtain the following 


transcendental! equation for the determination of A: 


cos 4-— ica A-SIN A, 


| 
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where ( is a capacitance per unit length of the line, independent of a and w, deter- 


mined experimentally using asymmetric al idling. 


For known A and C, it is easy to find the inductance per unit length of the cir- 
cuit in question 
L (a; o) = - of. (9) 
| 


The resistance component of the impedance of the equivalent circuit (Fig. 2) is 
(a, w) Re | 7 Re sinh Ag (10) 
Formulae for determination of 7 


Ra Re and jn are given in 


appendix I. 


h-xpanding expression (10), we have the transcendental equation 


—————— + sin 9 sin a cosh m= cos 6 cos n sinh m (11) 


for determination of the resistance R \a,w) per unit length of the circ uit of the line 


on test 


The phenomena of skin effect, determining the dependence e of line parameters on 


the frequency — other conditions being equa! differ for oscillations with constant 
amplitude, whose operator is p = jw, from damped oscillations, whose operator is 
p -a+jw)=(-7n }w. The method of damped oscillations gives the correspond- 


ing parameters per unit length of the circuit in juestion 


Let us consider the re! ttionship between parameters Ria.w)and L (a.w) for cir 
cuits phase - phase and phase -earth, and parameters of positive and zero se yuences 


of the transmission line for the undamped process 


Having the results of the experiment of the battery discharge into the network 
phase -phase, we can, by formulae (8), (9) and (11), directly determine products of 
active resistance and inductance of the positive sequence by a double length of the 
section of the line on test, ,(a,a) 2 / and es la,w) 2. The active resistance for 
the positive sequence for an undamped process can be calculated using the value of 
the active resistance for the positive sequence, obtained from formula (Il, 17) for a 


given d amped precess 


The inductance of the positive sequence may be represented as a sum of two in- 


and internal / The first one, L,, is determined by geometric 


ductances: external oe i 


dimensions and depends neither on frequency nor on damping. For a three-phase 
transposition line with one phase divided into three components and with horizontal 


conductors, Le may be found from the formula 


La la ———, (12) 


where 


D, = 3D; .= 
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The influence of damping on the internal induction L; may be found from formu- 
lae (11,18). 


Calculations by formulae (11,17) and (11,18) show that the calculation of damping 


when 7 < 0.2, within the range of frequencies 10 - 200 c/s, is practically superfluous, 


Since the corre sponding correction is only of the order of i small frac tion of | per 


cent of the active resistance and of inductance for the positive sequence. 


From the results obtained experimentally by the discharge of the battery into 


the phase -earth network, we determine the active resistance, equal to the sum 2, (a;w) + 


Ry (a; w), and the inductance, equal to the sum Lj(a;w) + L,(a;w)+ L,, where R 


und Lyla: ») are the active resistance and inductance, intro luced into the line by an 


imperfectly conducting earth; ., is the inductance of the network phase-earth, assum- 


ing perfect earth conduction. 


Inductance ie is calculated from the following formula, which is derived from 


formulae (11,13) when s 


where 


Formulae for calculation of and for given values of ”,(w) and L,(w) 


we given in \ppendix Il. It can be seen from formulae (11,19) and (11,20), that the 


Rer(a; w ) 
ratio of the active resistances lepends only on damping, characterized by 


parameter 1 The ratio of the in luc Uns rwO(Qr—— lepen is on d imping an | on the 


parameter x, the value of which depends on an unknown quantity o¢, specific earth 


4 
eT 


conductance. Therefore, to be thle to use expression (11,20), it 1s necessary to leter 


mine «, and consequently te, from an auxiliary transcen lental equation. This e Tu ation 


is derived by « transformation, leading to expression (11,20); when s }, we can ig- 


nore all terms in this equation with « raised to a power greater than unity, since the 


error vill not excee 10.5 per cent lhe equation has the follo ving form 


Inx=- (a; — yy — 0,6166 


Equation (14) may have one or two roots, but only the smaller root has a real meaning. 


\fter having found values "?,(@) and Ly(w), we can determine the parameters of 


the zero se quence from relations 


R, (w) = R, (w) 3R, (w); (w) = LZ, (w)+ 3 [L, (w) + Ly] (15) 


where L, is the inductance of the circuit three phases -earth, assuming a perfect 


earth conductance. 


: : 
57 
oi 
| 
58 2h 
“equ 
In —— , 
2nil~ ») Gequ 
(13) 
oe 
(14) 
— 


Parameters of clectro-transmission 


Inductance L, is calcul sted by the formula 


The asymmetrical idling experiment was « sarried out on the Voscow - Viadimir 


section of the line from Kuiby shev hy lro-ele: tric power station to Vio s« ow, at the 
rated line voltage \ scheme of the experiment is shown in F ig l 


The wave-length for this section at the frequency of 50 cs is approxim ately 


emal to 0.75 2 2: consequently, voltages at the beginning and end of the idle phase 


liffered one from the other by less than 0.5 per cent The use of formulae (1) is there- 
fore justifi ible 


Table (1) shows the result, obtained by rea ling index instruments and from os- 


cillographs, one of which is shown for purposes of illustration in Fig. 3. 


The working « ipacitance 
rARLE 1 of the line was calculated 
by the formula 
C : 
work 


As is seen from the os- 
cillograph in Fig. 3 there 
all sm ill ner cent listortions 
present in the current of the 
order of 5 - 6 per cent are 
cause | by the presence of 
higher harmonics. Because 
of this, « ipacitances ¢ ileu- 
The first line gives the results obtained from oscillo- lated fron index rea lings 
graph fireat harmonic). and the second line those ob- are slightly coo large. There 
tained by the reading of instruments. fore Lose lanes of capaci- 
re, th valu | 
tance calculated from the 


fundamental harmonic of 
current and voltage are accepted as the mean values (Table 5). 
The experiments with damped oscillations were carried out on the phase - phase 
circuit on the Moscow - Viadimir section and phase - earth circuits on two sections, 


Moscow Viadimir and Voscow Arzamas. 


During the experiments, the capacitances of batteries varied from 15 to 650 y F. 


The sum of resistances of earthing ind of connecting conductors (? ), was on the 


Moscow end of the line 0.51 {, Viadimir 0.8 1 und in Arzamas 0.24 2. Phases not 


e 
= 
a 
‘ 
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used in the experiment were disconnected from both ends. The amplitudes of the dis- 


charge currents varied from 25 to 230 


From the above con litions of 
these experiments, it follows that 
the use of the above formulae was 


justifiable 


} or purposes of illustration, 


ig shows illographs obtained 


fron experiments with lamped os- 


cillations 


The results of experiments of the 
lischarge of a battery of capacitors 
into the phase - phase network are 


FIG The ci aphs of currents and vol- given in Table 2. The experiments 

ob ed ‘ ‘ erime ) ym- 
tages obtain fr xperiment of asyn were carried out at temperatures of 
metrical id running. 


Graphs of dependence R, and L, 
on frequencies, plotted using the 
lata of Table 2 are shown in Fig. 5. 
Param th 
The external inductance Ly, calcu- 
positive sequence 
lated by formula (12), is also shown 
A 
(fH Ry this figure (horizontal dotted line). 


The difference ioe a,@)- L L; 


gives the value of the intemal in- 


e 


ductance of the bundle of three con- 
ductors, which is necessary for the 


calculations. 


The results of the discharge of a 
battery of « apacitors into the phase- 
earth network are given in Table 3 
ow- Arza nas section) an | in | ible \ | idimir section) an the cor- 
respon ling graphs in Fig. 5 an 16 


TABLE 3. 
For the frequency 50 c/s 


the inductances of the posi - 
tive and zero sequences were . iQ + | zero sequence 
also measured under static 
conditions of short-circuit. 

The results obtained were 


very near to those obtained 03385 


by the method of damped 0s- | ' 04143 


cillations for the same fre- U0 to 
0.07968 
quency. 2 0.10440 


Table 5 gives the values 


9 
\ | \ \ 
j 
| | | | 
v 
rABLI 
c/s l/ sec) 
l 
7.4 0.96 0.020 
> | { Ut 7 
77.0 19 F9 0.935 0.0268 
1.250 0.0571 3.979 
1.830 0.0783 3.918 
1.754 0.1155 3.685 
ie 1.718 0. 1866 3.559 
| 1 679 0.2553 3.479 
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of the parameters of the £20166 8.0 


line from Kuibyshev HEPS 


to Moscow, obtained ex- 


perimentally at the fre- 
quency of 50 c/s. For com- i 
values of these parameters, /\ 

calculated by the Carson 


a 


Maxwell equations, with 
and without consideration 
of the earthed steel cable. 
The values calculated, dis- 
regarding the earthed 


cable, are taken from those FIG. 4. The os« illographs of current and voltage 
obtained from the experiment with damped oscilla- 


of the project of electro- 


: tions. (a) discharge of the battery into the net- 1958 
transmission, designed by work phase - phase; (b) discharge of the battery 


the Teploelektroproekt into the network phase - earth. 


(Electric power and heat 
generating project). As can fu xm km L,,% | 
be seen from Table 5, the | 


values of inductance of the 10-003 


positive sequence and of 


the partial capacitance of 


the phase with respect to asl-o.02 
earth are nearto the values 


assumed in the design. 


50 75 900 (c/s) 


S 
— 


The interfacial capacit- 0.8—0.01 
ance obtained experiment- 
ally differs from the value 


FIG. 5. Dependence of parameters of the positive 


sex “Noe ¢ the fre: 
eneumed ter the design by sequence on e frequency 


24percent, but practically TABLE 4, 


coincides with that ob- 


Parameters of the 


tained from calculations, 
k 7. h f a R; (%; + zero sequence 
taking into account the la Regt: u 
earthed cable. Therefore, (22 um) (tH/km) Ro(@) | Le (w) 


km)  (HH/km) 


the experimental value of 


the working capacitance is oes | 


13.5 | 11.57 0.0550 1.883 0.1137 4.010 

near enough to that used 14.5112.10| 0.0576 1212 4 056 
for design calculations. !7.9 13.15) 0.0628 1.800 0.1365 | 3.951 
26.1 | 16.37 0.0772 1.760 | 0.1781 3.667 

T The experimental value 37.5 | 2!.07 0.0999 1.700 0 2395 3.511 
52.9 | 29.02} 0.1471 1.685 0.368! 3.474 

of the active resistance of = 65") | 35'46| 0.1710 1.648 0.4359 | 3.379 
the positive sequence ex- 84.6 | 42.41| 0.1999 1.602 0.5147 | 3 253 
ceeds the value taken for !00.8 | 56.61) 0.2630 1.573 0.685 3.172 
135 0.3115 7 2.920 


= 
| | | | 
| 
y 
| 
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25 50 


FIG. 6. Dependence of parameters of the 
zero sequence on the frequency for the 
Moscow - Arzamas section of the line. 


f 
125 (c/s) 


FIG. 7. Dependence of parameters of the 
zero sequence on the frequency for the 
section of the line from Moscow to Vladimir. 


design purposes approximately by 
7.5 per cent, and this can be at- 
tributed to the influence of tie 
beams, terminal fittings and other 
parts fixed on split feeders of the 
line. Measurements taken in the 
Science and Research Institute for 
direct current and in the central 
science and research laboratory 
of the Moscow Electric Station have 
shown that tie-beams and other 
fittings are a source of additional 


losses in the line. 


Experimental values of the active 
resistance of the zero sequence 
differ considerably from those as- 
sumed in the design project and 
differ slightly less from those ob- 
tained from calculations, consider- 
ing the influence of the steel cable. 
From this, the influence of the earth 
conductance is also clearly seen 
on different sections.* According 
to Carson’s theory, this should not 
occur at low frequencies. The de- 
pendence of line parameters on fre- 
quency, found from experiments, is 
sufficiently near to the dependence 
given by Carson [ for low frequencies 
Ro(@) is practically a straight line]. 
Evidently, Carson’s assumption 
about unbound and homogeneous 
earth is valid for high frequencies 
and good for the determination of 
the character of the function Ro(), 
but is inadmissible for purely quan- 
titative calculations for frequencies 
within the range of a few hundred 


* According to regulations [2], the 
earth conductance on the Moscow - 
Viadimir section is approximately 
equal to 65 x 151A cm, and on 
the Moscow- Arzamas section to 


35 = 10 1/Qem. 


: 

3510.75 

3.0}-0.50 

2.5}-0.25 

2.0 
0 75 (c/s) 

HH) 214% 

km | km 

3 

20—0 
a 0 25 50 75 100 
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Value of the parameter ob- 
| tained from calculations 


| 
Taking into 
account the From the trans- 
earthed steel 


mission design 


the 
ob- 
from 


Description of 


meter 


d 
experiment 


Parameter 


Value of 


Pera 
| taine 


Partial phase capacitance 
with respect to earth 


Cu F/km) 0.00878 0.00867** 


Interphase capacitance 


Cy F/km) 0.001030 | 9.001060 | 0.001276 

Working capacitance 

Cwork /km) | 0.01250 

Active resistance o 

the positive sequence 


R, ({2/km) 


0.0236 0.0220 


_| 


Inductance e of the 
positive sequence 


L, (wi/km) 0.948 


Active resistance of the 
zero sequence Ro 


for section 39lkm long 0.275/0.348* 


for section 117 km long 0. 282/0,359* 


Inductance of the zero 


sequence Lo(yuH/km) 


for section 117 km long 


for section 391 km long 


Value in the numerator for steel cable resistance R cable 


2.0 1. /km, in the denominator for R cable 1.5 0) / km. 


** Taking into account the steel cable. 


As can be seen from Table 5, the inductance of the zero sequence, calculated by 


Carson’s formulae. taking into account the influence of the steel cable, is sufficiently 
accurate for practical purposes. 


With the variation of frequency from 10 to 130 c/s, the active resistance of the 


rABLE 5. 
1958 
0.17) 
: 
4 | 
3 . 466 3.410 
2.970 
; | 3. 560 
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positive sequence increases approximately 1.5 times, and that of the zero sequence 
8 to 10 times. Inductances, as could be expected, increase less (by 20-25 per cent), 


therefore, in practical calculations and in research, we can disregard variation of 


inductance with frequency, if the wave-length of the line for a given frequency is not 


too near to 7/2. It is desirable to take into consideration the variation of the active 


resistances with frequency, particularly for the determination of surge currents and 


voltages. 


Thus, with free oscillations, damping manifests itself in effect only by the in- 
fluence on the active resistance of the zero sequence. Nevertheless, increase of 

Ro due to damping is small, and for practical calculations we may use the simplest 
formula (11,19). 


In conclusion, it is necessary to point out that the experimental data dis- 


cussed are related only to the region of comparatively low frequencies. For calcu- 
lation of transient processes in long-distance lines it may be necessary to know the 


resistances at higher frequencies, of the order of hundreds of c/s. For determination 


of these resistances it may be expedient to perform additional experiments. 


The authors express their gratitude to the employees of the transmission line 


from Kuibyshev hydro-electric station to Moscow, to E.P. Belov and to P.I. Gedinia 


for their daily help in carrying out these experiments. 


Appendix I. 


Expressions for wave resistance and wave length of the line during the damped 


sinusoidal process. 


Let the process occurring in the line correspond to the law 


Uel—*ti) t (1,1) 


Substituting expressions (1,1) into the equation of a long-distance line, after 


simple transformations we have : 


P d?/ 
dx’ yl 0; 


where (1,2) 


(1,3) 


y2=(R— + jol)(g — 2C + jol). 


From expressions (1,2) and (1,3) it is seen that the transformation of the known 
formulae, giving the relation between parameters A, and Zp for a damped wave 

exp |(-a + jw)t) and undamped sinusoidal oscillations, consists in replacing R by 
R* = R(a,w) - a L(a,@) and g by bg’ = g - aC. Let us perform this substitution. 


R—al + jol 
Z pq = (cos sin 9] (1.4) 


+ fol) (—al + jal). 
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In expressions (1,4) it is taken into consideration that, as a rule, 10 g <a ©. 


Separating on the right-h und side of expressions (1,4) the real and imaginary 


terms, we have the components of the wave imped ince: 


«/(R—aL 


and the components of the wave length 


(1,6) 
L(w? — 22) aR ((R—al + wil? 
Remembering that for frequencies {> 5-7 c/s the inequality (R-al) << wl? 
holds goo l, it is easy to reduce formulae (1.6). toa form more convenient for calcu- 
lations. For this purpose, we expand the internal square root in the formulae (1,6), 
into the power series 
2(R — 
[L — 22) + 


Restricting ourselves to the first two terms of the expansion we have 


ra (R—2aLP (1,7) 


ak 32 7) 


Appendix ll 


The relation between parameters of the transmission line for the sinusoidal processes 
dying away with time 

The solution of the problem is applic ible to the three-phase line with phases 
divided into three conductors (Fig. 8) for a sinusoidal time-attenu ated process. 

It is convenient to carry out this solution exactly by the methods of Grinberg ind 
Ronshtedt [1 !, ignoring the influence of the proximity of phases; i.e., representing a 
system of s « onductors-e rth, a8 & separate conductor-earth systems, and to find 
field components in air and in earth by superimposing s fields, corresponding to s 
separate conductor-earth systems. In future we shall use the following notation 
medium 1 — conductors, medium 2 — air, medium 3 — earth. Remaining notations are 


clear from Fig. 8, or are given in the text. 


Expressions for field c omponents of the con luctor-earth system inside any of 
the three media (conductor, air, earth), for sinusoidal processes are derived in {1}. 
The derivation of these expressions for processes of type (II,1) shows that they 


will have the same form, the only difference being that jw should be replaced by 


= 
= 
(1,5) 
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Therefore, we ill not 
give this lerivation; we shall write 
only these expressions of field com- 
ponents, which are the constants of 
integration of the Vaxwell equations 
ybtained from boundary conditions of 


given problem. Ve shall also give 


equations for determination of the 


iex propagation constant, which 


yen essary tor turther discussion. 


he intensity of the electri 


represented in such 


“’ is the intensity the secon- 


ectric field in air lue to the 
of earth: / is the inten- 
electric field of the con- 
luctor, situate in infinitely homo- 


geneous mediun air) 


The con ponents if the field intensity of separate conductors 1long 
we given by the following expressions written in the Gauss system of units 


slectric constant; o; is the specific electric con- 


luctance of the ith me liu is the Hankel function of the first kind of zero order. 


The resultant field in the second medium (air) will be letermined if we add the 


component fields of all nine conductors. 


The constant of integration C is expressed by the parameters of the system and 


by the current in one conductor /, 
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sing the above juoted | of Urinbere le luce the follow- 
n equation for the approxi ite determination tigation constant 


the svstem in juestion 


( 2h, /y +(h, + Jo(aky) (11.6) 


ition of the integral vithin the limits w 10°, oy 


cent, gives as the first approximation 


YT; (x.) 


“ h ere 


ly,—J(h +- h,)), x, =k. 


¥, (x) is the Bessel function of the second kind and of the first ordes. 


Let us determine the parameters of the zero se quence per unit length of the line. 


The equations for the long-distance line for time-damped sinusoidal processes, 


ignoring the active conductance of the earth, can be written in the following form 


(11,8) 


where Re, Le. fo are active resistance, in luc tance and capacitance, respe tively, 


per unit length of the line, when the currents flowing in ill con luctors are in the 
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same phase. The total current flowing in all conductors of the line / = 9 ~/,, voltage 
h.—a 


42 (11,9) 


Let us substitute into equation (I1,9) expressions (I1,3) and (II,4) for the components 
of the field intensity. For frequencies w< 10%, earth conductance o, 0’. the height 
of the conductors above the earth being of the order of a few tens of metres, we can 


derive the following expression for the volt ige 


jal 


a 


The error in using formula (I1,10) will not exceed 0.5 per cent. 


From the second equation of (11,8), taking into consideration (I1,10), we have 


9(1+ 2) 


¥, + (hy — 


Substituting into the first equation (II,8) expressions (II,10) and (I1,11), we have the 


Ch 


(11,11) 


equation which, in view of (II,6), is reduced to this form: 


2p’ 2p 
+- plo= 9(1+ ye ys 


(11,12) 
9 
J, (ak) 
9(1 + g ak, (ak;) 
s=l 


Equation (11,12), can be written in the form 
= ply + 
where L{ is the external inductance, of the line assuming ideal earth conductance 


C (11,13) 


7 », is the total impedance, introduced into the line by non-ideal earth conduct- 


ance: 


9 
9 


s=l 


eg 
ja 
| 
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Z, is the total impedance of line conductors for time attenuated alternating current 


(impedance of the positive sequence) 


(11,15) 


For practical calculations it is convenient to use the following formulae for 


determination of the active resistance an 1 inductance of the zero se quence: 


, (11,16) 
Ry = (iy Rer); lo -\ 

Dependences of resistances P?, and 2,, and of inductances Lj ind L, on the 
damping parameter 7, may be conveniently represented as the dependence on lamping 
of the ratios of these values to the correspon.ling values (say R,. Rs: Li. my 


measured when lamping is absent, i.e. when " 0. For real lines, when radius, 


height of con luc tors above e arth in | fre yuency of the process are not too ] irge, 
formulae (11,14) and (11,15) may be considerably simplified, if we expand into the 
power series the transcendental functions of these equations and restrict ourselves 
to a few terms of expansion. In this case, the error will not exceed 0.5 per cent. 
For m= ‘4 a’w poo, < 2, the following expressions can be obt sined for active resist- 


ance and internal inductance of the conductor 


R. (2: @) 


‘ 


(3 — 892) — 92 (5 — 312) 5 (11,18) 


isu 


240 


For X < 9.3 and distances between the conductors of adjacent phases not ex- 
ceeding the distances between the conductor and earth, for active resistances and 


inductances in the line to earth, we can use the formulae: 


4 L, (2; one 
1—2In 


(11,19) 


(11,20) 


w h ere 


hequ= V 


le 
= 

958 
19 58 
i 2 472 + ¥2)(8 — (11,17) 
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If the formulae (II,19) and (11,20) are used, the error will not exceed 0.5 per cent. 
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PARTIAL CAPACITIES (CONDUCTIVITIES) OF A SYSTEM OF 
ELECTRODES AND SEPARATE FLUXES OF THE RESULTANT 
FIELD * 


MEEROVICH and V.K. RED’KIN 
Vioscow 


(Received 25 April 1957) 


The point of view has been put forward that partial fluxes of the electrical dis- 
placement vectors in charged conductors, in the general case, are numerically 
equal to the charges in the partial capacities. This point of view is erroneous, 


and in engineering calculations it can lead to inaccuracies. 


Let us consider the electrostatic field of n conducting charged bodies in a 


linear dielectric medium (Fig. 1). 


The following symbols are used: 


the excess charge on body k: 
the potential of the body; 


the lectrical displacement vector; 
the surface area of body &: 


the flux due to the electrical displacement vector across the sur- 
face area 


* Elektrichestvo No. 1, 54-57, 1958 [ Reprint Order No. EL 46). 
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Wy, the partial flux due to the electrical! displacement vector across 
surface area S,, linked only to area Sh; 

%% that part of the charge on body k, relating to the partial flux Wh: 

Cy, the partial capacitance between & and h. 


The flux of the electrical displacement vector across the surface of body | 
equals the excess charge on this body: 


= 


The partial flux w,, resides on parts of the surfaces of bodies & and A. on 
which there are charges, equal in magnitude and opposite in SIGN, Ip, = — Qnx- 


Let the sign of the partial flux W,,, correspond to the sign of the charge on 
that portion of the body & on which this charge resides. In this case the following 
equations are valid: 


whilst the fluxes of the electrical displacement vectors and the excess charges 


are determined by the equations: 


The excess charges on the bodies can also be determined from the equations 


containing the partial capacities: 


To equations (2) there corresponds an equivalent circuit in the form of a 
closed network (Fig. 2), the elements of which are condensers equal to the partial 
capacities of the system of bodies. 


This network may be regarded as analogous to the system of n bodies in the 
sense that if to each body there corresponds a given node, and if the excess 
charge on each body equals the sum of the charges on the plates of the conden- 
sers connected to the node representing that body, the potential difference 
between any two bodies will be identical to the potential difference between the 
nodes corresponding to those bodies. On the other hand, if the potential! dif- 
ferences between nodes and between the bodies to which they correspond are 
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} th lle ie 
equal, then the excess irge on ea body will equal the sum of the charge on 
the pilates of the condensers « ynected to the node re presenting this body 

Another syste I lices is sometimes used in literature to denote th 
partial capacitances lt Ss nor iily used in those cases hen the fie lds I D dies 
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This relationship is illustrated in Fig. 3 taken from 14) *. 


| show that this point of view is erroneous. We me that the me- 


if all the charges or bodies 1s ro, | the sur- 


me of them co iplete ly encloses any other surface. 


vwllowing proj ositions may be established for a 


bodies which have inimun potential 


he modulus of jlacement vec- 


functions 


This corresponds to the \laxwell 


induction coefficients of a system of 


electrostatic 


bserved that none of the surfaces co nplete- 


maition is 


yosition is easily derived 


ectrostatic induction 


capacities ( 


An 
to ita potential of 


that 


all but suc 


yut disturbing the general nature of the pro if, we ll further consider 


DY a single body 


s in which the bodies, except & and A, can be repiag ed 


ig. 4 


: = on 
3. 
Fl 
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In these nditions we have tor the partial apacities 
on »0 
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The method of proof will be by reductio ad absurdum. \ssume that equation 
(4) is valid whatever potentials the bodies we at lake the case when the poaten- 


tials are different for each body, i.e 


whilst oy, OX and oy» 


Since none of the partial capacities is ¢ qual to zero, the following picture 
nust be set uy if the flux distribution. Two partial fluxes emanate from the sur- 
face of each body. whilst the total number of partial fluxes is e qual to three, 
since ty, hh The partial fluxes emanating from the body with a potential 


intermediate between those of the other two will clearly have opposite lirections 


relative to the normal direction outwards from the surface of the body in question 


The selected potential distribution can be regarded as resulting from the 


superimp mition of two conditions, shown scl ematically in | ig. 4a, b. the values 


e’ and e” of the e.m.f. being taken as follows 


In each of these cases two bodies in the system are at the same potential, 


and consequently there is no partial flux between them 


According to the first proposition, it follows that for any value of O;, 


a value of dT) can be found such that the value of the modulus of the 


electrical displacement vectors at any points on the surfaces 71 and Si, will be 


greater for the condition of Fig. 4b, than for that of Fig. 4a. In that case, after 


superimposition, the electrical displacement vector will not change direction re- 
lative to the normal direction outwards from one of the surfaces: in other words, 
the flux distribution corresponds to Fig. 4c, and is not in accordance with the as- 


sumption made 
Thus on the bases of equation (4) we have reached a contradiction proving 


that this equation is not valid 


The result obtained is to some extent analogous to those obtained in con- 
sidering the magnetic field due to a number of current - carrying coils [{7, 8, 9}. 
The idea existed earlier that the dispersal fluxes, figuring in transformer cal- 
culations. can be found directly from the picture of the flux - coupling of the 
resultant magnetic field. In actual fact, there is generally no correspondence 
between the real partial flux distribution and the representation of the separate 


dispersion fluxes. 


The use of an equivalent circuit makes the calculations easier. Having found 
the partial capacities by one method or another and built up from them the equi- 
valent circuit, it is possible to calculate the input capacities on the part of any 
two bodies, to find the distribution of excess charges and potentials on the 
bodies and so on. All the calculation methods for electrical networks are appli- 


cable to the equivalent circuit. 
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The partial capacities can be found from equations (2), in which the values 
of the excess charges and potentials are substituted. Since the total number of 
unknown capacitances in ‘on (n — 1), whereas only (n — 1) equations correspond 
to each condition, it is necessary to consider a number of conditions which can 


be the most convenient. 


In the special case when the charges on all the bodies other than & are 
equal, the value of the charge on these bodies is numerically equal to the elec- 
trical displacement vector flux. For each such condition, the partial capacitances 


relative to body & are found directly from equation (4). 


Calculation of the stationary field of the electric current in a system of 
electrodes in a conducting medium is carried out in an analogous manner, if it 
is assumed that the electrodes have infinite conductance. Since there is an ana- 
logy between current fields and charge fields, such fields can be used as models 
for each other; the analogues of the electric displacement vector fluxes will be 
the currents flowing in the conducting medium, the partial conductances will 


correspond to partial capacities, and so on. Consequently, all the preceding 


arguments relating to partial capacities and fluxes can be related to partial 
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conductances and currents. The equivalent circuit in this case will be a closed 
network in which the node potentials correspond to the electrode potentials and 


the elements are partial conductances. 


Example Consider the plane-parallel! electrostatic field of four circular con- 
ductors (Fig. 5). Assume that all the conductors have the same cross-se« tion, 
and that their centres are at the corners of a rectangle. All values will relate to 
unit length of the conductors in a direction normal to the plane of Fig. 5. The 
medium is taken to be uniform 

In this case, equations (2) take the form: 


;) ( ©,) + 


‘45 


whilst none of the partial capacities is equal to zero. 


We shall study the condition in which: 


In this condition the line of symmetry 0-O is the intercept of the equipo- 
tential surface. whilst the line of symmetry 0°-0° is the intercept of the surface 
of equal electrical displacement vector flux. Since there can be no unit tubes of 
displacement across the line 0’-O%, the resultant field contains only two partial 


fluxes, equal in magnitude: 


If the formulae (4) are assumed correct, then, for example, to calculate the 


partial capacity ©,, we have: 


Thus the error in calculating C,, from formula (4) is determined by the value 


of the partial capacity C,,. 


Translated by ©. Bishop 
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HEAT EMISSION OF RECTIFIER STACKS 
MADE OF LARGE SELENIUM CELLS* 


THE 


F.F. SOKOLOV 


Scientific Research Institute of Cinema Photography 


Special thermal tests have been carried out here to calculate the heat emitted by 


rectangular selenium plates of large dimensions, particularly under forced-draught 


cooling; the results of these tests are given below. 


Method of testing 


The cells were heated by losses of forward currents when passing d.c. through 
the stacks, The stacks consisted of cells specially selected in order as far as pos- 


sible to exclude non-uniform heating owing to differences in cell characteristics. 


Losses were measured by the voltmeter-ammeter method. The excess heating was 


measured by copper-constantan thermocouples soldered to the cells (the mean of six 


cell-stacks). The excess heating was measured 15 mm from the upper edge of the 


cells (the point of maximum heat of a cell). Where cooling was natural, the stacks 


were set 150 mm above the test-bench. With forced-draught cooling, the stacks were 


set up in a container-duct of cross-section 365 « 312 mm. An electric motor and fan 


were installed at the top; the cooling air velocity could be regulated over a wide 


range. The stacks were installed in such a way as to fill the entire cross-section of 


the container. The air velocity was measured by vane anemometer in the bottom 


opening of the container. These tests were reduced, when processing the results, 


to the air velocity between the cells. 


Natural cooling 


Tests were made on stacks of selenium cells, 6 to 18 mm apart, on 100 x 200 
and 100 x 300 mm aluminium base-plates. The heat emission data were determined 
for cell excess temperatures of from 0 to 40°C, and with a surrounding air tempera- 


ture of about 20°C. All the thermal regimes were repeated for two stack positions : 
“vertical” (the long side of the cell being vertical) and “horizontal” (the long side 
horizontal). The experimental data obtained are given in Figs. | and 2 in the form of 


graphs for the relationship between r, the excess heating of the cells and the specific 


* Elektrichestvo No. 1, 58 — 63, 1958| Reprint Order No. EL 47). 
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The heat emission of rectifier stacks made of large selenium cells 


losses (W/dm?). 


Analysis of the results obtained enables us to draw the conclusion that the heat 


emissivity of the rectangular cells tested is better than the known data for circular 
cells [2, 3, 4]. The improvement in heat emission should be attributed primarily to 
the difference in materials: the data for circular cell-stacks were mainly obtained 


when testing rectifiers on steel base-plates; in my case aluminium plates with better 


heat-conductivity were tested, this reducing the amount by which the most heated 


parts of cells (at the top) were overheated, while somewhat raising the overheating of 


the less-heated parts. In addition, the parameter of rectangular cells is greater than 
that of circular cells and, as we know, the regions of a cell close to the periphery 


are the more effective as to heat emission [3]. 


For the purpose of generalization, the experimental data on the heat emission of 
stacks of rectangular cells were expressed in dimensionless form (5). The logarith- 


mic coordinate curve in Fig. 3 expresses the graphical relationship of the Nousselt 


number: 


58 ah 
Nu= 


to the product of the three numbers : 


The Grasshof : 


The Prandtl : 


and the dimensionless number : 


H’ 


where a is the coefficient of heat emission of the surface of the cell, (kcal/m?/hr/°C); 
A is the coefficient of heat conductivity , f the cooling medium, (kcal/m/hr/°C); 

B is the coefficient of volumetric expansion of the cooling medium (/°C); 

v is the coefficient of kinometric viscocity of the cooling medium (m/sec); 

a is the coefficient of temperature conductivity of the cooling medium (m?/sec); 


g is the gravitational acceleration (m/sec’); 


b is the gap between cells (m); 
and // is the cell height (m). 


A temperature of 35° was taken as the specific temperature, in making calcula- 
tions for the physical constants used in the numbers; this temperature of 35° corres- 
ponds to 30°C mean excess cell temperature and a surrounding medium temperature 


of 20°C. 


If we substitute the following values for the constants: 


ais 


and for the convenience express 6 and // in mm and a in W/dm?/°C, the equations for 


calculating the numbers are simplified: 


Nu =3.82ab: (1) 
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Heat emission of selenium stacks composed of rectangular cells naturally cooled, 


in numerically generalized arrangement. 


18 mm apart fit quite well on one curve (the error does not exceed 10-12 per cent). 
This result may be counted fully satisfactory particularly if we take into account that 
in the prece ling analysis the proportion of the heat emission falling to radiation was 
not deducted.* for convenience in making use of the data obtained, and also that the 
test results combined by processing were obtained using selenium stacks which 
differed considerably in geometrical dimensions 


The generalized relationship represented in Fig. 3 can clearly be applied suc- 


cessfully to other stacks composed of rectangular « ells of dimensions almost the 
same as those of the tested stacks, and with any gap encountered in practical cases 


in calculations for separated stacks cooled naturally. The generalized relationship 


obtained may also be applied in principle to cases of the heat emission of stacks in 


other mediums, for example in oil (by substituting appropriate values for the physical 


constants in the dimensionless numbers). 


When the stacks are arranged in any specific layout (in a housing, together with 
other parts, several stacks beneath one another, etc.) the heat emission conditions 
obtained for separately arranged stacks (Figs. 1-3) may alter substantially. In these 


cases other methods for the thermal calculation (3), and the data obtained with 


forced-draught cooling, should be used. 


* Specially conducted experiments have shown | +} that - 16 per cent of the total heat 


emission fell to radiation in selenium stacks with natural cooling. The assumption made 


for the excess ten peratures in the narrow range in whi | was interested is therefore 


fully justifiable. 
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The heat emission of rectifier stacks made of large selenium cells 


Forced draught cooling 
Stacks of 100 x 300 mm cells were tested in two series. In the first series 


(| ig ta) the stacks were arr inged with the long 81 les of the cells verti al, 


being carried out with gay 


tests 
ind 18 mm between cells In the sec ond series 


| their long sides horizontal, tests being 


Fig. 4b) the stacks were arranged wit 
wried out with a gap f l2n between cells, but for one, two an | three stac ks 

irrange | above one another (stacked ); the excess heat was measured for the cells 


in the upper stack 


Tests were carrie | out with air veloc ities up to about 5m sec The lata ob- 
he form of the graphical relationship between the heat 


tained were processe lint 
city between pl ites 


emission coe ffic int a and the air vel Tests were made for 
stack excess temperatures of close to 30% and at surrounding iu temperatures of 


about 20°C. 


The test-results show that the coefficient of heat emission for identical cooling- 


sir velocities depends to a great extent on the gap between cells (Fig. 4a), the height 
paring the mean curve in Fig. 4a and the upper curve in Fig. 4b) and 


of the cell (com 
one above the other (Fig. tb) 


on the number of stacks set 

The conclusion can be drawn, from analysis of the experimental data obtained, 
that the heat emission data obtained for stacks of cells 300 mm high can also be 
applied to stacks of cells of different heights if a correction is made for the excess 
heating of the cooling air corresponding to the difference between the cell heights. 


Let us examine the thermal balance of a rectifier cooling-channel! under set conditions. 


The thermal energy liberated into the channel! from the walls of the cells (per 


unit of cell width), 


the same energy is carried away with the cooling air 


whence 


where g is the spec ific loss in the cells (W/dm’), // is the height of the cell (mm), 
is the mean excess temperature of the air in the cooling « hannel at height //(°C), 


b is the width of the cooling channel (mm), @ is the velocity of the cooling air 


(m/sec), y is the specific gravity of the air (kg/mm’), and cp is the thermal capacity 


of the air in keal kg es 


Substituting the values ) 1.164 and Cp 0.242, and taking | kcal/sec as being 


equal to 4184 W, we get 


(3) 


If an, the coefficient of heat emission of the cells, is known by experiment (for 
example from Fig. 4b) for a given stack of cells of height Hy for any conditions, and 
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The heat emission of rectifier stacks made of large selenium cells 


| 2nd level 
¢=200 | 
A300} b=12 
H=400 | 


w | 


4 (m/sec) 


FIG. 4. Heat emission of forced-draught air-cooled selenium stacks of 100 x 300 mm 


rectangular cells. (a) “vertical” stacks with 6, 12 and 18 mm gaps } between cells 
(the dotted curves are calculated heat emission curves for stacks of heights H = 200 
and 400 mm with a 12 mn (b) “horizontal” stacks with 12 mm 
gaps b between cells; stacks arranged in Ist, 2nd and 3rd lev els (the dotted curve is 


that for the heat emission of a stack of height 4 


gap b between cells): 


100 mm, calculated by equation 
(5) from data for a stack of H 300 mm). 


so for any given specific load g, we also know the excess temperature of the cells 


(4) 


then the excess temperature of cells of height //m can be found for the same load ¢ 
from (3) and (4) as follows 


0.17 


179 (H,, —H,\ 


bw 


where ry/m-n) is the excess temperature of the cooling air in the rectifier channel at 
a height H,,-H, above the lower edge of the cell. 


Consequently the coefficient of heat emission for cells of height //,, 
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W/dm?.°C ? 
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The heat emission of rectifier stacks made of large selenium cells 


Equation (5) enables us to determine the coefficients a,, for stacks of height 
which may be either less or more than //,, from the coefficients of heat emission 


Hons 


a, obt ained experimentally for stacks of height Hy. 


Heat emission curves are drawn according to this equation in Fig. 4a, from data 
for stacks of height 300 mm, for stacks of cells 200 and 400 mm in height (the gap 
bh = 12 mm. the dotted curves). To confirm the correctness of these calculations, a 
heat emission curve is drawn in Fig. 4b from the same data for a stack with cell 
height 100 mm (dotted); this curve coincides extremely well with the experimental 


curve (unbroken line) obtained with cells of height 100 mm. 

FE-quation (5) does not take into account the phenomenon of thermal conductivity 
in the body of a cell which, generally speaking, should also be taken into considera- 
tion when determining the relationship between heat emission and height of cell. 


However, as specially conducted experiments showed, this factor is not of great im- 


portance. Fig. 5 shows isotherms (lines of identical excess temperature) fora selenium 


cell on an aluminium base of limensions | x 100 300 mm, in a st ack with 18 mm 


gaps, with an air velocity of 3.6 m/sec, specific load of 9.8 W/dm’ and surrounding 
air temperature of 22°C; the isotherms are drawn for the excess temperatures measured 
at 10 points on the cell (see the measurement points on Fig. 5). The temperature 
gradient, with a general downward direction, is clearly visible in the illustration; 
however. calculations show that the levelling effect of the thermal conductivity is 

not great, owing to the small! thickness of the cell, and may be ignored. Thus only 
about 2.4 per cent of the heat liberated above the line AA is transmitted downwards 


across the section AA, and correspondingly less than 2 per cent across the section 
BB. 


On comparing the mean curve in Fig. 4a (single level arrangement, gap 12 mm, 
height 300 mm) with the lower curve in Fig. 4b (the same gap of 12 mm but three -level 
arrangement, and total height also 300 mm), it can be concluded that, other things 
being equal, for a multi-step arrangement the coefficient of heat emission is somewhat 
reduced (by roughly 10 per cent in the given specific case). To some extent the reason 
for this is the difference noted above in the heat conductivity conditions in the body 
of a cell; in addition very probably there are other factors which I have not examined 
connected with the conditions under which the air flows in the channels between cells 


(stagnant zones, etc). 


On analysing the particular experimental relationships, given in Fig. 4, between 
the coefficient of heat emission and parameters such as cell height, width of gap be- 
tween cells and number of levels, it is easy to satisfy oneself that for a given air 
velocity these relationships are of an almost linear nature and therefore lend them- 
selves well to interpolation for other close values of the parameters. The data ob- 
tained can thus be used in the thermal calculations for rectifiers of the most varied 
designs, also in the comparative analysis of different types of rectifier for different 


specific cases. 
Let me give an example to illustrate the use of the heat emission data obtained 


for forced draught cooling. The cost and dimensions of very powerful selenium recti- 
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The heat emission of rectifier stacks made of large selenium cells 


242° 


254° 


FIG. 5. Excess temperature isotherms 

for a selenium cell on an aluminium 

base, dimensions |] < 100 x 300 mm, 

in a stack with 18 mm gaps, air ve- 

locity 3.6 m/sec, specific load 9.8 

W/dm*, surrounding air temperature 
22°C. 


fiers are the most important characteristics of 


their design. 


We can assume as a first approximation that 
the cost of a rectifier is directly proportional 
to the area S of the selenium cells; this can 
easily be expressed through (, the losses in 
the rectifier or, if we introduce 7 the efficiency 
of the rectifier, through the rectifier output 


power P (et): 


It follows from this that for a given rectifier 
output P the area of the cells, and also the 
cost of the rectifier, are in inverse proportion 
to a, the coefficient of heat emission (since 7, 
the excess temperature of the cells, and 7 are 
given by the technical data for the selenium 


cells). 


Turning to the rectifier dimensions, it can 
be affirmed that, besides the height, the plan 
area of the rectifier is of particular interest, 
for with forced draught cooling this area deter- 
mines the fan output, and to a great extent its 


dimensions and power.* 


Fig. 6 gives a network of intersecting curves 
drawn from the data in Fig. 4a and compiled 
using equation (5), showing how the height of 
the cells H and the gap between cells b affects 
alterations in a, the coefficient of heat emission 
for the cells, and A, the “field” coefficient of 


heat emission; 4 is expressed by 


4— 22H 


> 
ry 


where 5 is the thickness of a cell, usually 1mm 


for large cells. 


* Losses due to friction are usually low in the 
general fan pressure balan« eo: fan power is there- 


fore little dependent on the height of the cells. 
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The heat emission of rectifier stacks made of large selenium cells 


For specific losses, or from output power an l efficiency, the coefficient 1 en- 
ables us easily to determine the area of the field occupied by a rectifier (its vertical 
projection), Sy : 

(W/dm?.°C) 


| | = 


Thus the graph in Fig. 6 has ordinates a 
which are in inverse proportion to the area 
of the cells (and so to their cost); the 
abscissae \ are in inverse proportion to the 
vertic al projection irea of the rectifier; these 


facts facilitate selection of the most accept- 


able compromise between these parameters 
with relation to the specific requirements 
in the case of calculations for different 


rectifiers 


4 It is also quite evident from Fig. 6 how 


(Witm?.C) important it is to use large-dimension cells 


FIG. 6. Relationship of a, the co- 
efficient of heat emission, and 4, 
the coefficient of specific load 
ofthe rectifier vertical projection, 


to b, the gap between cells 


when constructing powerful rectifiers; for 
acceptable rectifier dimensions can only be 
obt 1ined by incre ising the height ofa 
rectifier (or by increasing the number of 


levels which is, however, worse than was 


shown in Fig. 4) and simultaneously in- 
creasing the gap 5; this is equivalent to sufficiently increasing the specific field 
load (the coefficient 4) without materially reducing the utilization of the elements 


(the coefficient a). 


Translated by J.H. Dixon 
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THE USE OF 220 kV LINES WITH SPLIT CONDUCTORS * 
A.N. ZEILIGER and B.P. NOVGORODTSEV 


Leningrad Teploelektroproekt. Department ** 


(Received 4 October 1957) 


This article presents the results of the technical and economic comparison of 220 
kV lines with split conductors and transmission lines of the same voltage without 


split conductors. *** 


As we know, there are two purposes in splitting the conductors in 220 kV 
lines: (1) to increase the carrying capacity of long-distance lines when the trans- 
mitted power is limited by voltage drop or by their stability limits; (2) to reduce 
the number of parallel lines when the rated load of one line exceeds the economic 


load of the maximum gauge single conductor available. 


In the first case, a single large Section conductor is replaced by two or more 
conductors of smaller section with the same total conductor section per phase. In 
the second case, the single conductor is replaced by two or more conductors whose 
total cross-section per phase exceeds the maximum cross-section of the single 
conductor. In the first case the reactance of the line can be reduced at the ex- 
pense of making its mechanical part somewhat more costly; carrying capacity is 
thereby raised. In the second case the reactance of the single line with split con- 
ductors and the reactance losses in it are considerably higher than in lines con- 
sisting of the corresponding number of parallel lines containing single conductors 


of the same total cross-section. 


However, the splitting of conductors is not the only method of ensuring the 


required electrical transmission properties. Increase in the carrying capacity and 


reduction in the reactance losses in long-distance lines may also be obtained by 
the use of compensating installations; reduction in the number of parallel lines 
may be achieved by the use of double-circuit lines. In view of this, the question 


of the expediency of using split conductors for 220 kV electric power transmission 
*Elektrichestvo No.2, 9-12, 1958 [ Reprint Order No. EL 48 l. 
** “Teploelektroproekt”: “Electric Power and Heat Generating Project”. 


*** The article has been compiled from the results of work done by the authors with 
K.P. Kriukov and S.N. Ruzanov at the Leningrad Teploelektroproekt De partment. 
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of 220 kV lines with split conductors 


of the technical and economi 


lines in different cases must be solved on the basis 


comparison of different transmission line design variants. In this comparison, the 


following must be taken int iccount as we us the cost of the mechanical part 


of the lime: the cost of the « npensating installations installed on the power line 


itself, or in the power trans ) ystem, to npensate the sdditional reac tance 


and reactance losses, \ line of high reactance is used. 


Analysis of the problen expediency of splitting conductors has been 
tric power transmission lines. The first group 
comprises lines whose | conductor single phase cross-section is (for aluminium) 


180 rom? 
at an economic current densi | an 


\{SO-480 conductors and split ASO- 


ta 1d ss-section IMO 


made for three groups of 220 k\ 


The economic | responding to this cross-section is about 200 ViVA 
ircuit lines with sing 


to this gre 


second group prises 


load about 400 VIVA sing ircurt iis with 2 ASO-480 split conduct 


and double circuit lines w ng! AS0O-480 ynductors belong to thi group. 


third group comprises yndu 


omic load about 800 VVA). Double « 2 ASO-480 split 


belong to this group 


Calculations for the sup; | foundations for all these lines have been 
made for climati rated wind vel city was taken as 


The wind velocity in the sbove the earth was taken as 110 percent 
the velocity im the first zone * supports were made rf type ™t sice in 
low-all ”y type NI - stee 2s used in every case where it resuite 


reduction of the weight of 1 py The stresses permitted for the type \- 
Electrical | 


nstruction rs 


stee| were. act 
nitted for interme 1) ate supports, 


Instaliati 


The permitted tensi and bending stresses in NI 
components were taker ms. 
emergency conditions rage supports), and inter- 


mediate supt 


Th e nofrt were made Rule 
Con tor bre ak- 
ing stress at interme iines without spli ymnductors 


reau 


to 0.75. and for iines with Sf 
for the full phase This redu 


for all the types if support 


supplied unti » relative echnical Directorate instruction came into force 


win-« ircuit “t supports were designe da w the total reduce 


breaking stress. 


ce reaking stress 
ing the calculations 


twin-circuit support which was 
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The use of 220 kV lines with split conductors 


In cases where breaking conductors may fall on to part of the support struc- 
ture, it was specified that supports with releasing terminals were to be reinforced 


by clamping terminals. 


When comparing lines with releasing and clamping terminals, it was taken into 
consideration that the distances between the anchorage supports of the former 
must not exceed 10 km; the distance between anchorage supports in the second 
case is unlimited; ie., supports of the anchorage type are only used for important 


crossings. 


When designing the foundations, a pressure of 2 kg/cm? on the ground, ground 
weight of 1.6 tons/m?’ (when calculating for excavation) and |. 8 tons/m’* (when 
calculating for compression) were allowed. It was assumed that the ground water- 
level was below the base of the foundation and that the angle of slope of the 


ground was less than 35°. Concrete type 200 was used for built-up foundations. 


The most economic variants for the construction of the different types of 
lines (single circuit or double circuit with single or split conductors) were taken 
for comparison. 

The development work by Teploelektroproekt showed that the most suitable 
metal supports for double-circuit 220 kV lines are supports of the “barrel” type 
with clamping termin ils, made of low- alloy steel. Acc ording to the working draw- 
ings, the weight of an intermediate support with clamping terminals is only 375 
kg. or 5 per cent, greater than that of an intermediate support with releasing ter- 
minals. This is explained by the fact that normal conditions are assured when 
calculating for the support body cords, and therefore, the assortment of body 
cords is identical in both cases. For the lattice-work of the body, conductor 
breaking conditions in clamping terminals on the upper cross-arm are taken for 
calculatious in the case of releasing terminals, and conductor breaking conditions 
in clamping terminals on the middle cross-bar in the case of clamping terminals. 


Since the number of anchorage supports is lower on lines with clamping terminals 


than on lines with releasing terminals, practically identical weights of metal are 


used per kilometre of line in both cases. The greater reliability of lines with clam- 


ping terminals during operation forces us to give preference to this type of line. 


Till recently “wine-glass” or “hinged portal” type supports were used for 
single circuit 220 kV lines. However, the work by Teploelektroproekt on develop- 
ing new types of support, lesigned for the suspension of type ASO-480 zero con- 
Juctors in climatic regions I and II, have proved that the Crimea type support is 
the most economi al. The use of low-alloy stee! for these supports « onsiderably 
reduces the amount of metal used, while the use of this steel for 220 kV portal- 


type supports provides practically no economy. 


The weights of intermediate supports for the three types compared and the 
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The use of 220 kV lines with split conductors 


amounts of metal and concrete used per km of line are given in Table 1. 


The foundation reinforcement is included in the amount of metal used per kilo- 
metre of line. The amounts of metal and concrete used are taken for the most 
economical variants of the lines (those on “hinged portal” and “wine-glass” type 


supports with releasing terminals, and those on Crimean type supports with clamp- 


ing terminals). 


TABLE |! 


Weight of Material used per km of line 


support (kg) 


Type of support i 
Calculated | with | with 


span releasing | clamping 


metal (tons) concrete (m’*) 


terminals terminals 


$300 5800 
4900 6200 
$500 4800 


“Hinged portal” 
ineglass” 


Crimean 


It was also established, when developing supports for single circuit lines 
with split conductors, that Crimean type supports are the most economical. We used 
16.7 tons of metal and 10.6 m’ of concrete per kilometre of line on Crimean type 
supports, 21.7 tons and 15.5 m’ respectively per kilometre of line on “hinged por- 


tal” type supports, and 22.4 tons and 15.0 m’ respectively per kilometre of line on 


“wineglass” type supports, using A-P type anchorage and corner supports. 


We will now therefore compare single circuit lines on Crimean type supports 
and double circuit lines on “barre!” type supports. It is conditionally assumed 
that all the lines being compared have the following: intermediate supports with 
clamping terminals, 90 per cent; intermediate corner supports (2- 20°), 5 per cent; 
and corner supports (20-60°), 5 per cent. A, the coefficient of utilization, is taken 


as being 0.9 for all the lines being compared. 


Fig. 1 provides a schematic representation of the supports of the lines being 


compared. Table 2 gives the technical and economic figures. The costs per kilo- 
metre of line are given in comparative figures. 


It is evident from comparison of lines in the first group that a single circuit 


line with single type ASO- 480 conductors (line (a)) is cheaper than a single 


circuit line with split conductors of type 2 x AS-240 (line (4)). This is explained 


by the fact that the wind pressure on the line and the sag of the conductors in 
line (b) is higher than in line (a), leading to reduction in the economic span and 
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The use of 220 kV lines with split conductors 


an increase in the metal and concrete used per kilometre in line (b), and therefore 


to an increase in the cost of this line per kilometre. 


FIG. 1. Schematic representation of the supports of the 


lines being com pared. 


rABLE 2 


Line Expenditure per Cost of 
lettering Conductor Supports Calculated km of line 1 km of 
(see Fig. 1.) ty pes span (m) line 


(1000 


le 
Metal! Concrete roubles). 


(tons) (m*) 


ASO -480 Crimean type 13.6 8.0 
2 x AS-240 Crimean type 5.6 10.4 


2 x ASO -480 Crimean type 10.6 

ASO - 480 “Barre!” type 21.3 12.4 
(narrow body) 
ASO - 480 “Barre!” type 27. 15.3 


(wide body 
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The use of 220 kV lines wit! split conductors 


It should be noted th it comparisons between single circuit lines with single 


and split conductors made abroad have produced the same results. For example, 


it was established in Sweden that a single circuit 220 kV line with split conduc- 


tors is 18 per cent more costly than a single circuit line with single conductors. 


The total wind pressures on the conductors of single circuit lines with 
2 x ASO- 480 split conductors (line (c)) and on those of double circuit lines with 
single ASO- 480 conductors are identical, since in both cases six conductors of 
the same type are suspended from the supports. However, the double circuit sup- 
port is heavier than the single circuit support, owing to its greater height and 
greater number of cross-arms. The amount of metal used for | km of double circuit 
line is therefore greater than that for 1 km of single circuit line. More concrete 
is used for double circuit lines, also because of the greater height from which the 
conductors are suspended and their consequently greater moment. Thus, the double 
circuit line with single conductors is more costly than the single circuit line with 


split conductors. 


It was stated above that the double circuit supports examined were calculated 
for total reduced conductor breaking stress, and Crimean type supports for 0.75 
times the reduced stress. Vhen converting to the new calculation conditions, the 


weight of the “barrel” type intermediate supports is reduced, and in consequence 


the differenc e between the costs of the lines being compared be« omes less. 


It should be noted that single circuit lines with split conductors are only 
cheaper than double circuit lines with single conductors in cases where Crimean 
type supports with a triangular arrangement of conductors are used. Single circuit 
lines with split conductors on portal-type supports, with the conductors horizontal- 


ly arranged, are more costly than double circuit lines on “barrel” type supports. 


Of the lines in the third group, with a total cross-section of the conductors 
of 1920 mm? per phase, we can compare a single double-circuit line with split 
conductors on wide-bodied “barrel” type supports (line (e)), with two single cir- 
cuit lines with split conductors or two double circuit lines with single conductors. 
The amount of metal used for one double circuit line with split conductors is 17 
per cent less than the amount used for two single circuit lines, and 35 per cent 
less than that used for two double circuit lines; the amounts of concrete used are 


respectively 27 and 38 per cent less, and the costs 22 and 26 per cent less. 


In order to make a full technical and economic comparison of the various 220 
kV lines, taking into account the expenditure on compensating installations, a 
number of factors for 220 kV lines with single and split conductors are given in 
lable 3. The line reactance losses were determined, starting from the utilization 
factor. in accordance with the economic current density at an average voltage level 


of 230 kV. 
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The use of 220 kV lines with split conductors 


It is evident from Table 3 that, for identical rated loads, the reactance losses 


are different for the lines being compared. 


The vast majority of present-day electric power systems have no excess re- 
active power, and each increase in the line reactance losses makes it desirable 
as a rule to install additional compensating devices of corresponding capacity. 
Table 3 provides the capacity of the additional compensating devices which must 
be installed, to ensure identical reactive power equalization, on the electric 
power lines under comparison. The additional compensating installations are as 
a rule installed in the power system receiving-end circuits in the form of syn- 


chronous or static compensators. 


In cases where the reactance of a line must be compensated in order to raise 
its carrying capacity, part of the capacity of the compensating devices may be 
arranged in the form of longitudinal compensation. The use of any system of 
compensation has no effect on the results of the technical and economic com- 
parison, since the total of the compensating device capacities and their specific 


costs are not materially affected in either case. 


Comparison of the economic figures for the lines, taking the expenditure on 


additional compensating devices into account, is made in Table 4. 


Comparison of the lines in Group | shows that, even when the cost of the 
compensating devices is taken into account, the total cost of electric power 


transmission by single conductors is lower than that for split conductors. 


Comparison of the lines in Group II shows that the costs of the additional 
devices for compensating the increased reactance losses of lines with split con- 
ductors cover the difference in the cost of the mechanical part of the lines; in this 
connexion, single circuit lines with split conductors of large section are less 
economic than double circuit lines with single conductors of the same section. In 
addition, double circuit lines with single conductors are more reliable and con- 
venient to operate than single circuit lines with split conductors. Therefore it may 
prove expedient to use single circuit lines with split conductors only in particular 
isolated cases, for example, with the simultaneous installation of two parallel 


lines in power systems with no excess reactive power. 


Comparison of the lines in Group II] shows that the use of double circuit 
lines with split conductors is economically very effective, since it enables us to 
reduce the number of parallel lines. The use of double circuit lines with split 


conductors can be recommended in every case where the transmission of such high 


power on a single double-circuit line is permissible from the point of view of 


power supply reliability. 


CONCLUSIONS 


|. Phase-splitting, on 220 kV lines, into two or more conductors of smaller 
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CALCULATIONS OF SHORT-CIRCUITS IN UNBALANCED PHASE 
TRANSMISSION SYSTEMS* 


G.G. KOSTANIAN 


Tbilisi Scientific Research Institute of Building and Hydroelectrics 


(Received 22 June 1957) 


As a result of researches carried out in recent years, calculations of complicated 
asymmetric faults in electrical systems have been materially simplified. Thanks to 
this research, it is now possible to study combinations of any asymmetric faults at 
two points in a system, and in particular combinations of short circuits in systems 
with unbalanced phase transmission (1, 2]. However, calculations of such faults, 
particularly in complex systems with ring connexions, are none the less laborious 
and can be materially simplified if treated as an extension of calculations dealing 


with a fault at one point of the system. 


Actually, all the changes introduced by the second 
Ey fault in each sequence of the circuit can be repre- 
aw ; sented, as shown in Fig. 1, by two e.m.f.’s only: 
— 
the e.m.f. at the point of the first fault, and Ee 
the e.m.f. at the point of the second fault. The re- 


al, sulting components of current and voltage in the se- 
juences of the circuit can be found by superimposing 

FIG. 1. Circuit for any the components calculated for a fault at one point of 
sequence at a phase the circuit on to the components determined from the 
break 
circuit of Fig. 1. This approach to calculations of 


asymmetric faults at two points in a circuit makes it 


possible to use the methods and results already obtained in calculations for 


faults at one point of a circuit; the changes introduced by the second fault are 


taken into account in these circuits by the e.m.f.’s Fy; and F,;. 


The basic ideas of the proposed method are described below, as applied to the 
calculation of various combinations of short-circuits in unbalanced phase trans- 
mission systems. One of the special types of fault at two points in the system is 
considered, namely various combinations of short-circuit at one point in the system 
with a break on one phase at another point. 


From now on, values referring to the short-circuit branch will be denoted by the 


* Elektrichestvo No.2, 13—18, 1958[ Reprint Order No. EL 49 I. 
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subscript &, those referring to the break branch by y; to the corresponding phases, 
by 4 and A respectively; to the corresponding sequences, by |, 2 und O; and to any 


sequence, by i. The superscript (3) denotes that the value in question refers to the 


case of a three-ph ise short-circuit; (] ij to the case of : short to ¢ arth on two 


phases; (1) to the case of a short to earth on one phase 


The problem of calculating the components of the two e.m.f.’s referred to above 
is considerably simplifie | by the method proj osed in this paper of transferring all 
the e.m.f."s operating in the system to the one branch being studied. 

Consider the relationship between the e.m.f.'s he und the current in the branches 


of the passive qua lripole shown in Fig 2 


In the presence of a single e.m.f. in the branch y - y’, the current in the branch 


is 
(1) 


, 


where | intrinsic conductivities in branches y-y and k-4é 


respectively ; the mutual conductivity between the branches y-y and 


are coefficients. 


ky 
The coefficients a, {2 and p are values which are reciproc als of the known co- 
efficients of quadripoles. They depend only on the parameters of the qu idripole, and 


are related as follows - 


(2) 


The coefficient 8 shows what fraction of the total e.m.f. in the branch y~y “is equal 
to the e.m.f. in branch kek / and what 
fraction of the current in branch k-4° is 
equal to the current in branch y-y . This 


assumes that the e.m.f. occurs only in 


branch y-y and the current source only 

in the branch kek“, The coefficient a, on 
the other hand, shows what fraction of the 
FIG. 2. Relationships between currents e.m.f. in branch &-&* is equal to the e.m.f. 
and e.m.{."s in a passive quadripole, on in branch y-y’ and what fraction of the 
transferring them from one branch to current in branch y-y’ is e jual to the cur- 
another. 


rent in branch 


The transfer of e.m.f. F, from branch y~-y ‘to branch &-&*, as shown in Fig. 2, 


does not change the current in branch &-4 i 


\s applied to an active quadripole, expression (1) determines the component of 
current due to e.m.f. F,, whilst the full current in branch &-k’ of such a quadripole 
is found by superimposing the currents due to all the e.m.f.’s (at an e.m.f. EF, = 0) on 
to the current due to e.m.f. F,. In this case, expression (2) and the assumption that 


when e.m.f. F, is transferred to branch k-k’ the current in the latter is unchanged, 
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are valid not only for the passive quadripole shown in Fig. | but also for an active 


quadripole with other e.m.f.’s in its branches in addition to Fy. 


Extending this to active networks, it can be shown to be valid to account for the 
effect of an e.m.f. in branch a-n’ on the current in any other branch p-p’ by taking 
E, from branch n-n‘ and transferring the fraction which is numeri: illy equal to 
E,, over to branch p-p', where Enp is the mutual conductivity between 


Enp Ep 
is the intrinsic conductivity of branch p-p. 


branches and p-p and Ep 
The coefficients 8, p and a between the branches containing two faults in the 
circuits of two separate sequences can be measured on a calculating machine, e.g. 


by methods known from the theory of quadripoles, or found from the results of pre- 


vious short-circuit calculations. Below is given only the latter method of determining 


them, as applied to the calculations of a short-circuit with a phase break. 


The circuits and expressions from which to start out in the determination of co- 
efficients Bj, pj and aj for the individual sequences are shown in Table 1. 

The data required for determining the coefficients are taken from the results of 
a calculation of any type of asymmetric short circuit in branch &-*’, in the absence 
of a fault in branch y-y~ 

The coefficients 8; and p; are the most interesting, since they enter into the ex- 


pressions determining Evi and Eki. whereas the coefficient a; does not figure in 


these expressions. 


Coefficient a; has only subordinate value and serves to simplify the calculation 


of the circuit conductivities of the sequences at the point of phase rupture, which is 
of most importance in cal ulating complex circuits with ring connexions. 
For example, the sum of the circuit conductivities of all the sequences can be 


determined using this coefficient as follows :- 


ys (3) 

The sums of coefficients 8; and aj, given in Table 1, merit particular attention; 
to determine them we need the total currents in the phases when one phase is short- 
circuited and the total e.m.f.’s in the phase when two phases are shorted to earth. 
These sums define the connexion between the components of current and e.m.f. in 
the calculations which are to be made. 


The equations relating currents and e.m.f.’s, given in the circuit of Fig. 1, can 


be put in the following form :- 
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Note: 1. In the circuits, only e.m.f. currents and frequencies at the point of short-circuit are 


noted. E.m.f. currents and frequencies of the generators are excluded from the direct 


sequence circuits. 


2. Phase A is taken as the main phase in the indices. 
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rupture in the sequence circuits; /,;, /,; are the corresponding values before phase 
rupture; z,;, zp; are the intrinsic resistances of the branches y-y’ and k-k’ in the 


sequence circuits. 


Equations (4) and (5) are valid for each sequence and are not limited by the con- 
ditions of short-circuit in branch k-k’ or of phase break in branch y-y . 


As applied to the faults under consideration, £,; can signify the component of 
e.m.f. at the phase break point and AF;;, Aly; and Al; the changes in the compon- 
ents of e.m.f. and current produced by the phase break. The relationships between 
these values (boundary conditions) are given in Table 2. They are analogous to the 
known boundary conditions characterizing the relationships between the currents and 
voltages in separate sequences with asymmetric short circuits and phase breaks. As 
regards Aly; and AF ;;, they are determined only by the type of fault in branch k-k’; 
\/,; and AE,; are determined both by the type of fault in branch y-y‘ and by the con- 


ditions under which the fault arises. 


Equations (4) and (5) can be limited by the special conditions of various com- 
binations of short-circuits and phase ruptures; for each combination it is necessary 
to solve twelve equations, six of which are given by equations (4) and (5), the other 
six by the special limiting conditions for the short circuit or phase break, as shown 
in Table 2. The simplest solution to this problem is obtained by using the known 
complex substitution circuits in place of the short-circuit and in place of the phase 
break, transferring all the effective e.m.f.’s caused by the phase break, first into 
the short-circuit branch and then into the phase break branch. 


Fig. 3a shows the complex substitution circuit in place of a short to earth on 
phases B and C. Figs. 3b, 4b show the same circuits after subtracting the currents 
and e.m.f.’s acting before the break, 
and transferring the e.m.f. E,; to the 
circuit branch. These circuits deter- 
mine the current and e.m.f. at the 
point of short-circuit, due to the 


phase break. 


In finding the current in the cir- 
cuit of Fig. 3b and the voltage in 
that of Fig. 4b it can be shown that: 


(1) 
Al, = Af, = = 


(6) 


_ yw _ 


(1.1) pd) + P2E yo PoE yo 
= 4E,, =4E,, =— —- 


where n and m are coefficients which are determined, for a break on any phase, by 


| 
| 
| 
(b) 
| FIG. 3. 
mE yo’ (7) 
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TABLE 2. 


In short-circuit branc! 


> of fault Roundarv 


conditions Roundary conditions 


Three-phase to yA + yi 7 + A/ yO 


earth E Ew 


| 


Two-phase (phases SE, Myo A! go 
B and C ) to earth = SE,» = 


B + aM Al =0 


= Allie = 
Single-phase (phase = Mag = 
4) to earth + + =0 | 


= @l Ey 


nain nase. 


earthing short-circuits, in the expressions ited 


the coefficients § and p and by the ‘phase differences between F,), FE,» and Fo. 


Expressions for the coefficients n and m, for various combinations of short-circuit 
and phase rupture are shown in Table 3. 


Having used the complex substitution circuit in place of the phase break in an 
analogous manner, we obt 


(8) 


where Fo is the e.m.f. at the phase rupture point in the zero sequence circuit; / is 
the current in the phase to be broken, before the rupture; g,y = | 


+ 


1/2. is the sum of the conductivities of all the sequence circuits at the phase rup- 


ture point; ars is the component of e.m.f. / yO due to the voltage changes at the 
short-circuit point resulting from the phase break. 


If phase A is broken 


and if phase B. 


. Equation (8) can also be obtained by 


solving equation (4) together with 


equations defining the boundary con- 
ditions for the phase break (Table 2). 


a) FIG. 4. (b) 


7 
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TABLE 3. 


T f short- | Ph Expressions for coefficients 
ype of short- ase |— 
circuit to earth | broken 


Three phase | A 


+ Pat 


(B andC) 


at! 3 + Pape PaPo) 


By -+ By + 8B, 
Ze 
Single phase 
(A) 


3(8 Ba + Bibs + 
Zee 


a}; + + Bo 


np = 
| | 
Note: Phase C in any form of short-circuit has no special characteristics in relation to 
phase 8; for this reason combinations which include an interruption of phase C 


are not cited. 


Equation (8) is not limited by the conditions of the short circuit in the branch. 
For a three-phase short-circuit, Eo = 0, and equation (8) takes the following form: 


where /“ is the current in the phase to be broken (before the break) in a three- 
phase short-circuit. For other forms of short-circuit, FE) 4 0 and takes various 


values, depending on the combination of short-circuit and phase rupture. 


For any combination of short-circuit and phase break, equation (8) can be written 


in the following form :- 


B yx +4 (9) 


where A is a coefficient determined by the boundary conditions of the short-circuit 
and phase break and having the dimensions of conductivity. Values of A, obtained as 
a result of the combined solution of equations (6) - (8) for various combinations of 


short-circuit and phase rupture, are given in Table 3. 


Given the values of E ,, al and ant”, we can find their values for straight 
and reverse sequence circuits (Table 2), and determine oe and all ) according 


m and n 
= | 3) 
3 Bey 
| 
2, 
Mp =x Gp; + + py 
B 
Bex 
| 
E,=—., 
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to equation (5), and A/,; according to equation (4), for all the sequence circuits. This 


completes the calculation of the current and e.m.f. components shown in Fig. 1. 


Thus, all the current and e.m.f. components shown in Fig. 1, for any combina- 


tion of short-circuit and phase break, can be expressed in terms of Fyo and the co- 


efficients gij. yi» pi. Bj. Together with this it can be seen from equation (9) that, 


whatever the combination of short circuit and phase break, Fo is always determined 


only by the magnitude and direction of the current in the break phase and by co- 


efficients gv and A, which have the dimensions of conductivity. Current / depends 


on the e.m.f. in the circuit prior to the phase break, whilst the sum of (g,y + 4) is 


determined independently of the e.m.f. parameters of the circuit. 


If only the inductive resistance is taken into account, the coefficient \ for any 


combination of faults considered, is in phase with g,¥ and can be regarded as a cor- 


rection to the conductivity g,¥, accounting for the special features of various com- 


binations of faults. In the general case 4 > 4, 


In fact this correction accounts for the changes in the e.m.f. Fo due to a phase 


rupture, with various forms of short-circuit. In cases of rupture in the phase damaged 


by the short-circuit, these changes are small. Calculations show that if Qepj < 2yj 


even under the most unfavourable conditions, A does not exceed 4 per cent of the 


conductivity g,y and drops rapidly as §,, 8, and Bo fall. Thus in practical calcu- 


lations of F.; for any combination of phase breaks, with a short circuit at 224; < 2,,, 


a coefficient \ can be assumed to be zero. 


It should be noted that the combinations of faults considered are of great practic- 
al interest. since they introduce the maximum change in the e.m.f. and current values 


before the break. 


Calculations of these combinations can be simplified still further if we neglect 


not only AF,;, but also the in equality between the direct and reverse sequences. In 


this case expression (4) takes the form :- 


(10) 


where / is the current in the break phase prior to rupture; qj are coefficients in the 


direct (g,), reverse (q,) and zero (qo) sequence circuits, depending only on & = 2, 


and on which phase is broken; if phase 4, 


and for a break in phase &, 


= aq, 


By analyzing expression (10), it can be shown that in real circuits ie cannot ex- 


ceed 0.6 / in a three-phase short-circuit and 0.6 /-/,. in a single- or two-phase short- 
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circuit to earth. On this basis it can be found, without any calculation, whether de- 


liberate incomplete phase transmission endangers the protective relays or whether 
more detailed calculation is required to examine their safety. 


Expression (10) makes it possible to find without trouble the significant values 


of the components for combinations giving the maximum distortion, and, for 
22hj 


to determine them to the accuracy normally allowed for practical calcu- 
lations. 


Example It is required to find the current and voltage components for a short to 


earth in phases A and B at point &, with a simultaneous break in phase 4 in the y-y 
branch. The data required for this determination are given in Fig 


5. 
Replace the given combination of faults by another, easier to consider: namely, 


shorts to earth in phases B and C with a break in phase B in the y-y“ branch. The 


return step from this combination to that given is not difficult, since for this the 


current and voltage vectors found must be rotated through 120° 


In order to simplify the example and working, we assume that the circuit con- 
tains only active resistances. 


The coefficients a;, 8; and p;, and their sums as in the expressions in Table | 


The total conductivities of the sequence circuits at the point of phase rupture 
and the point of short-circuit are 


The total coefficient A for the combination of faults considered (Table 3) is 


0 


The e.m.f. of the zero sequence, ac cording to expression (9), 1s 


The e.m.f.’s in the direct and reverse sequences, taking into account the boun- 
dary conditions of the phase break, are 


(7 q?~—12 


2 200; £ 


i | ws i 
“1 P2 4 
a | The resistances at the point of rupture in the separate sequence circuits are 
: 
| 
- 
1 053 a2? + 147 
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The change in e.m.f. at the point of short-circuit, according to equation (7) is: 


5a? 38) 


The resultant e.m.f. at the point of short-circuit is: 


mE ME 438 — 165 a? 


Ri 


The change in current at the point of short circuit, according to expression (5) is: 


524; 


101 +. 4650? M/ po 2 


qi 


The resultant current at the point of short-circuit is: 


5957 /* 165 a? 99 


a k2 


The change in current at the point of the phase break, according to expression 


(4) ws: 


884; — 493a? 


RARg? is 


My 


— 406 and 


The resultant current at the point of phase break is: 


166 


106 — 493 


Ro 


FIG. 


5. (a) branch y - ¥ 


l,2* 100 A; /,o= 
leo = 700 A; = Exo 400 V; 0.5 2. 


5 
(); Z 407 0.5 = 


(b) 


branch y 


143 V; = Exo 


" included; 4) = 2050 A; 
400 A; i; = 1200 A; Io = 400 A; 


2000 A; /‘3? = 2200 A. 
Ey) = = 95 Vi 
=E.o= 143 Vv. 


excluded; 


The amount of calculation re- 
quired to find the values need- 
ed is quite independent of the 
complexity of the circuit. In 
this respect the proposed 
method differs usefully from all 
the other known methods, in 
which the calculations become 
more complicated as the circuit 


becomes more involved. 


To find z,; in the absence of 
calculations shown by the 
scheme B in Table 1, it is pos- 
sible to use the data given in 
Fig. 6. Fig. 6a corresponds to 


a short-circuit at one end of 


branch y-y’. and Fig. 6b at the other.* On the basis of these data it is possible to 
find the intrinsic resistance of the y-y’ branch in the absence of a short circuit in 


the system, if the following expression is used :- 


ab 


aC 


> 
« 
} 


* As applied to the direct sequence circuit, the data shown in Fig. 6 denote the currents and 
voltages due solely to the e.m.f. at the point of short-circuit, assuming that the generator 
e.m.{. is zero. These currents and voltages are found by the superimposition of the con- 
ditions for any asymmetric short-circuit on those for a three-phase short circuit. 


== — 722a? — 577 
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199 
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w h ere 


The changes produced by a short-circuit in the v ilue of intrinsic resistance for 


the v-y’ branch can be taken into account, bearing in mind that: 


where 3 shows what fraction of the total current at the point of short-circuit con- 


stitutes the current in the y-y branch (Table 1); zg is the resistance intro luced at 


the point of short-circuit. 
Conclusions 


The described method of calculation 
iffords: (1) substantial simplification 
of the calculation of asymmetric faults 
by use of the results of calculations of 
short circuits in full-phase conditions. 


The changes brought about by unbal- 


an ed ph ise transmission are expressed 
in terms of the current for the full-phase 


FIG. 6. condition and are independent of the 


e.m.f. parameters of the system; (2) sim- 


plification of calculations in systems with deliberately selected coefficients of cur- 


rent distribution. This refers in particular to combinations of any complex faults not 
considered in the paper, to the calculation of short circuits in power systems in con- 
nexion with changes in the generator e.m.f. and so on; (3) simplification of the cal- 
culation of complex asymmetric faults, when « urried out on computing machines, by 
the superimposition of current components determined for full-phase conditions on to 
the current components due to the e.m.f.’s Fy, and AF yj; 

Translated by FE. Bishop 
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NEW CIRCUIT FOR HIGH-SPEED PULSE CONTROL IN 
SYSTEMS CONTAINING IONIC INVERTERS* 


D.P. MOROZOV, M.G. CHILIKIN, N.G. LYSENKOV and L.V. TVERDIN 
(Received 22 July 1957) 


Modern electric drive is characterized by wide use of controlled ionic inverters. 
The use of control systems containing magnetic and electronic amplifiers ensures 
the development of high-quality electric drive systems satisfying the increased 


demands made on automatic control for precision and speed of effective action. 


The introduction of ionic inverters in the electric drive systems of metallurgi- 
cal shops, where a large number of different systems using controlled mercury 


rectifiers as inverters operate, is most significant. I ractical experience in the 


operation of these installations has been accumulated both here and abroad. Our 


lesign and scientific research organizations have developed various different 
systems for grid control by ionic inverters (systems containing peak transformers 


and chokes, etc.). 


The rectified voltage is regulated, in systems in use at present which con- 
tain ionic inverters, by the phase displacement of the control peaks. The ionic 
inverter mean rectified voltage is determined from the well-known equation 
ba= bdo cos a. A number of intricate and important units are used for changing 
the grid control system firing angle: grid supply and phase shift systems, and 
systems summing, shaping and amplifying the control signals [1-3]. The use of 
modern grid control systems enables us to exercise control by means of powerful 


mercury rectifiers with high-speed rectified voltage build-up {3}. 


Study of the systems containing ionic inverters used at present and the ex- 
perience accumulated in their operation permits us to formulate the following basic 
tasks which must now be performed in order that these installations may be put to 


“ ider use. 


(1) The improvement of cos ¢ and the efficiency of systems with a wide range 


of rec tified voltage control 


(2) Increase in the speed of effective action of control systems, this increase 


* Elektrichestvo 2, 22-27, 1958 [Reprint Order No. EL 50). 
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being particularly important for powerful rolling mills and other important 


industrial plant. 


(3) Further increase in the operating reliability of installations containing 


ionic inverters, and maximum simplification of the control system, as a necessary 


condition for the use of these inverters. 


The grid control systems containing ionic 


inverters used at present do not fully satisfy 


Te these requirements. Where the rectified volt- 


age regulation range is wide, the phase- 


shifting and summing units are complicated 


and definitely sluggish. 


Regulation of rectified voltage by altering 


the firing angle over a wide range considerably 


worsens the power factor, this making the 


introduction of ionic inverters in powerful 


installations difficult. 


FIG.1. Diagram of the principle The authors of this article have de veloped 
of high-speed pulse regulation. 


and investigated several variants of a new way 


Tr - transformer; IV - ionic valve; 


of regulating the mean rectified voltage of an 


N - load; FSU - phase-shifting 
appliance; SSP - grid feed ionic inverter (Fig.1). 


system; UIR - pulse regulation 


The basis on which the system operates 


unit; PU - intermediate installa- 
tion; ZS - specified signal; is the pulse method of regulating the mean rec- 
US - controlling signal. tified voltage; here, change in the regulated 
& Sign 


quantity is caused not by phase displacement 


of the positive control peaks, but by how frequently and for how long the ionic 


inverter is applied. 


Pulsatory ionic inverter working conditions are obtained by introducing a new 


unit into the grid control circuit. The main purpose of this unit is to blank-off 


and trigger the ionic inverter in accordance with the required regulation conditions. 


rhe principle components of this unit are the controlled low-power valves which 


ensure the blanking-off and triggering of the ionic inverters at the necessary inter- 


vals and for the necessary lengths of time. Magnetic or mechanical appliances 


can be used in place of the controlled valves. All these installations must satisfy 


the condition of low voltage drop when the control peaks fed to the ionic inverter 


are applied. 


Let us examine the working of this system in the example of an installation 
with a 3-phase mercury rectifier (Fig.2), in order to clarify the principle on which 


the proposed new high-speed pulse regulation system operates. 


When there is no control signal },,44 on the grids of the pulse regulation high- 
speed unit control valves UV, these valves are blanked off by the blanking 
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voltage (the bias voltage). 


The positive triggering peaks, produced by the mercury rectifier in the grid 
control circuit, are fed to its grids in the usual way. The mercury rectifier is 


opened and the rectified voltage determined by a, the angle of regulation. 


When a control signal | ,,4, sufficient for triggering, is fed to the grids of the 
valves UV. these valves fire and clip the positive pulses fed to the grids of the 
£ 


rectifier RV. The mercury rectifier is blanked-off. 


The cessation of the input signal | ,,4 corresponds to the blanking-off of the 


valves UV and the triggering of the mercury rectifier. 


Depending on the frequency of transmission and the duration of the signals fed 
to the grids of the valves UV, rectified voltage pulses of the corresponding fre 
juency and duration are produced at the output of the ionic inverter. The mean 
mercury rectifier rectified voltage depends on the time of conduction and the spac- 


ing, where ais constant. 
The new ionic inverter high-speed pulse control unit may be introduced into 
certain systems in use for regulating ionic inverters by various means, depending 


on the nature and purpose of the systems. 


a) 


| 


=. 


—- — 


FIG.2. Circuit illustrating the principle of pulse regulation of 
rectified voltage Tr - transformer: RV ~- mercury rectifier; FSI 

phase-shifting appliance; TS - grid transformer; PD - peak choke; 
RN load resistance; Rs), Rso - grid resistances; VS - semi- 
conductor rectifiers; TZ - mercury rectifier locking voltage unit 
transformer; Ky - locking potential! unit resistance; UV - controlled 
valves of the pulse control unit; Rgq - grid resistance in the con- 
trolled valve grid circuits; R,,, - grid bias; Ry, - comparing resis- 

tance in the controlled valve grid circuits. 
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In the new system, the rectified voltage can be regulated both where a+ 0 and 
where a= 0. In the first case, the high-speed impulse regulation unit is made an 

additional link in the circuits in use. In the second case, the phase-shifting appli- 
ance may be removed from the circuit and all the necessary signals fed only to the 


pulse regulation unit. 


The control signal },,,,, the frequency and duration of which correspond to 


the specified mean rectified voltage, may be obtained: 


(a) from the independent switchgear, for instance, a mechanical switch with 


conducting plates and slide contact (an open circuit regulating system), or 


(b) from intermediate gear providing equalization of the specified and regu- 


lated magnitudes (a closed regulating system). 


Oscillation or electronic regulators, also magnetic amplifiers, can be used as 
the intermediate equipment, working on the input of the pulse regulation unit. The 
summing of the various signals, their comparison with the specified value, and 
also the shaping of the signal supplied to the input of the pulse regulation unit, 


are performed in the intermediate equipment. 


In a number of cases, the intermediate equipment may be omitted. In these 


circuits the control signals are fed direct to the pulse regulation unit. 


A number of circuits using the high-speed pulse regulating unit were investi- 
gated in the laboratories of the Moscow Power Institute Industrial Undertaking 
Electrical Equipment. In particular, the circuit shown in Fig.3 was examined. 

The circuit provides forced generator voltage build-up, generator voltage “cut-off”, 
and the maintenance of a specified voltage; the control signal is fed directly to the 


high-speed impulse regulation unit. 


A PN-550 type generator was used; Py = 88kW, Vy = 230V, 4 = 383A, mw = 
1440 rev/min an RM-200 mercury rectifier with grid supply unit was used, and the 


controlled valves were TR 1-2.5/2 thyratrons. 


In the supply circuit, feed to the field windings of the generator was accomplish- 
ed by the inclusion of a two-pole contactor K. A negative potential, exceeding 
their blanking-off potential, was fed to the grids of the valves UV by a potentiometer 
P. Whilst starting the motor, the rectifier RV was open and a voltage ao V yy (ao be- 
ing the forcing coefficient) was applied to the field windings of the generator. The 


controlled valves were blanked-off until the generator voltage had reached a value 


such that | |-! |<! Vor |, where Vor, is the triggering voltage for UV. 
The valves UV come into operation. The positive peaks fed tothe grids of the 
rectifier RV are cut off, and extinguished. The current in the generator field 


windings begins to drop. The generator field winding self-induction e.m.f. will 
maintain the current in the discharge resistance and at one of the mercury rectifier 
anodes (until the anode current passes zero). Reduction of the generator voltage 
causes reduction in the signal ,,,; UV thereupon is extinguished and RV comes 
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FIG.3. Diagram illustrating the principle of the pulse regulation of 


generator excitation current in @ generator-motor systen 


into action Thus, the mercury re« tifier is working on 4 system of impulses und 
the generator voltage is maintained at a specified level, fluctuating wound its 

nean value 


The “cut-off” voltage is determined by the bias voltage | und B 
sm 


Rheostat R contact position) 


The control circuit (Fig.3) is extremely simple, notwithstanding the compli- 
cated tasks which ut performs Ideal volt ige “cut-off” is very si nply cco nplish- 
ed. The change in time 
of generator volt 
generator excitation cur- 
/ rent and field winding 
voltage for various levels 
of voltage regulation are 
shown in the oscillo- 
graphs in Fig. 4-6 The re- 
cording in Fig. 4 shows the 


process of transition to the 


rated generator excitation 
current and voltage. The 


FIG 4 Osc illograph rec ording of the transitional gen juantities are ¢ jual to 0.66 
erator excitation process where the forcing coefficient of the rated values in the 


ultimate values for these 


25 recording in Fig. 5, 0.33 in 
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Fig.6. In spite of the considerable deviations of thyratron-actuating characteris- 


tics and the lack of an intermediate appliance ensuring a steep signal front at the 


input of the pulse regulation unit, the circuit provides small generator voltage 


fluctuations at various excitation levels. 


Since regulation of the rectified 
voltage takes place at a firing delay 
angle a 0, the circuit ensures a 
high power coefficient and efficiency. 
The circuit is quick-acting; the oper- 
ating time is determined solely by the 
time taken by the thyratrons UV to 
fire and extinguish. Their firing time 
is practically zero; the time they 


take to extinguish depends on the 


moment at which the signal is fed to 
the fired thyratron and cannot, for a 
three-phase circuit, exc eed 8.33 x 10” 
sec (for a six-phase rectifier it is 


FIG.5. Oscillograph r rding of the gen 66.6 x 10” sec). 


erator excitation transitional process for 
forcing coefficient @ ve 0.66 lon It must be noted that the qualitative 
ind quantitative factors of the new 
circuit are subject to further theoretical and experimental research It will also be 
necessary to study a number of physical phenomena and processes whi¢ h accompany 
the working of the new regulation circuit. The preliminary results show that the 
new circuit can be employed in various intricate electrical drive circuits requiring: 
(a) a wide range of regulation; 
(b) speedy action; (c) precise 
regulation with high power co- 


effic 1ents and effic 1encies. 


lonic inverters operating in 
pulse systems may be used for 
the supply of: (a) electric 
motor and generator starter 
circuits, and (b) electric motor 


armature circuits. 


Without enumerating all the 
possible types of mechanism 
for which the new high-speed 

FIG.6. Oscillograph recording of the generator ex- pulse regulation circuit may be 


citation transitional process for forcing coefficient used, we will give some ex- 


= 2; ing 0.33 lon amples to illustrate its use. 
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Fig.7 shows the principles f the control 
reversing blooming mill stand 
fron ironic taverters operating in impulse systems R 
cK omplished by changing the generator excitation pe 
switch. The 
inverter feeding the generator excitation circuit ind 


the tonic taverter feeding the motor excitation circuit 


L 


pulse control in systems containing ionic inverters 


of the generator-motor system for a 


The generator an 1 motor field win lings ire supplied 


eversing of the motor is 


using a reversing 


notor rotation rate is regul ited up to basic by the effect on the ionic 


ibove basic by the effect on 


There are no com- 
plic ited phase-shifting 
devices in the di igram 
for control using mer- 
cury rectifiers. All 
the control functions 
in the steady-running 
and transitional states 


ire perf wmed by the 


[ vir 
puls regul tion 
us f a unit Although the 
| a UA PI pulsatory control unit 
‘ 
Zs | T ' can be made on the 
—— basis of magnetic 
FIG.7 Diagram illustrating the principle f the pulse Pt I 
mire of the excitation of large achines fro ionk nagnet implifiers 
inverters in the generator-motor syste! f a reversing mill and relays, etc.) the 
Ir transformer; I\ ont vaives; generator motor; use of thyvratrons nay 
eing 7 a “fo 
it. tacho-generator VN eversing ontact orward be considered ; suf- 
“back*: UA controlling gear; SSP grid supply system; 
Ld ficiently reliable solu- 
Ik oulse regulation unit; PI intermediate installation; We k 
, , tion e know that 
3 specilied signa Ls controlling signal; OSN 


home and abroad (in the U.S.A. and Germany) in 


ack; USS rotation feed-back; OST current 


thyratrons are widely 


used in practice at 


electric drive control circuits. 


Certain designs of thyratron being introduced into industry at the present time are 


verv reliable and hard-wearing (service life of 15,000 
shifting and other intricate units simplifies and impr: 


comparison with existing circuits, ind facilitates the 


a U Calculations show that for constant electric al 


ing times sec, forcing coefficient as 3-4 
tity variations (generator voltage 


rated values, the resting and working times 


‘Ir oper ition 


The mercury rec tifiers in the given circuit operate with an ingle of regul ition 


hr). The elimination of phase- 


wes mill control circuits in 


motor or generator field wind- 


ind tolerated regulated quan- 


field current, motor rate) of 4-5 per cent of the 


of the mercury rec tifier R\ vary betwem 


0.04 and 0.1 sec (in a three-phase rectification system this corresponds to the fir- 


ing or misfiring of six to fifteen anodes 


tifier RV in pulsatory ionic excitation circuits ts det 


in succession). The extinction of the rec- 


ermined by the discharge 
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resistance selection condition: 


where &,, = Rp Pep, Rp is the discharge resistance in the field winding circuit, and 


mis the number of rectification phases. 


For the rectifier RV pause and firing-period intervals indicated above, the 
impulse system of this rectifier hardly worsens the shape of the circuit current 
curves, and ensures that cos ¢ is close to unity. Where the anodes fire and mis- 
fire in quicker rotation, the coefficient of power is affected by the worsened shape 
of the current curve and the firing of the last (prior to extinction of RV) anode in 
the transformer secondary e.m.f. negative value region. However, in this case 
also, the power coefficient is considerably higher in impulse control circuits than 
in RV continuous control circuits. In an experimental installation with frequent 
rotation of anode firing and misfiring, pulsatory RV control improved cos ¢ (for 


identical conditions), in comparison with continuous control by up to 60-70 per 


cent (0.34 to 0.58; 0.51-0.72; 0.62-0.85, etc). 


The simplicity, economy and precision with which the regulated value is 


maintained (less than | per cent when 7, = 3-4 sec), and high-speed action enable 


us also to recommend pulsatory RV control circuits for the excitation of the prin- 
ciple electrical machinery in the generator - motor transmission systems of power- 


ful continuous mills (reconstructed and under construction), and of less powerful 
plant. 


The use of ionic inverters operating in impulse systems for supplying the 
armature circuits of blooming mill motors is shown in Fig.(8). The motor is revers- 
ed in this circuit by a switch in the motor armature circuit. The introduction of an 
impulse regulation unit into the control circuit hardly makes this circuit more com- 
plicated in view of the simplicity of the proposed unit, and enables the armature 
to be supplied at reduced rates of rotation (up to basic rate), with a regulation 
angle a= 0. At the lowest motor rotation rates, in order to reduce the armature 
current pulsations and improve motor working conditions, it is advantageous to 
cosnt + 0, but at lower regulation angles than in the case of continu- 


work ata= 
The employment of a pulse regulation unit ensures a high power 


ous RV control. 
coefficient and is more advantageous than intricate circuits with artificial anode 


communication, non-symmetrical control, etc. 


The proposed pulse control by mercury rectifiers feeding the motor armature 
can be very widely applied (with or without phase-shifting equipment) in the elec- 
tric drive systems of less powerful plant, (rolling mill auxiliary mechanisms, 
metal-working machines, etc.), where the motors work under better conditions. It 
should be possible, in order to confirm the proposal that an RV impulse system 
may be employed for the supply to a motor armature, to refer to the details given in 
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foreign literature [4], on 
practical experience 
abroad of the use of mer- 
cury rectifiers working in 
a system of impulses in 
Us . the electric drives of the 


Tost auxiliaries in powerful 


| 
T OSN 
ss rolling mills. 


Finally, yet one more 
important field for the 
employment of the pulse 
regulating unit must be 
indicated: that is, the 


FIG Diagram illustrating the principle of reversing mill 


motor feed from a mercury re<« tifier using pulse regulation. 
ous mills, (the armature 
Tr) main inverter transformer; Tro motor excitation 
circuit ionic inverter transformer; D motor; I\ ionic and excitation circuits of 
valves; SSP rid feed system; FSI phase-shifting the motor supplied from 

appliance; | amplifier; UIR pulse regulation unit; mercury rectifiers), where 


» » ] « ‘ ts ) ] appbe « 
PI intermediate installation controlling apparatus; speedy sctica aad pre- 


ZS - specified signal; US - controlling signal; OSN, OST, 
cision of regul ition are 

OSS voltage, current and rate feed-backs; \ N revers- 
° required with a narrower 


ing contacts, “forward*®, *back 


range of regulation 


(narrower than, for example, in a blooming mill) 


The use of pulse regulation in circuits where synchronous motor field windings 


are supplied from ionic inverters is of great interest. 


Conclusions 


The practical introduction of powerful controlled rex tifiers for electric drive 
is a progressive trend in the development of automatic regulated industrial installa- 
tions. Considerable reduction in capital outlay, increased labour productivity and 


lower power consumption are associated with this. 


The reconstruction and modernization of installations already in use should be 
undertaken incorporating ionic inverters just as these are used in installations now 


being constructed. 


The new system of high-speed pulse regulation described in this article will 
result in the fulfilment of the highest technical and economic production standard, 
in installations using ionic inverters. These standards are primarily high coef- 
ficients of power and efficiency, and the high speed and comparative simplicity of 


the automatic control circuit. 


Translated by Dixon 
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THE CONTROLLED PHASE-TYPE COMPOUND WINDING OF 
SYNCHRONOUS GENERATORS WITH CORRELATION AS TO 
VOLTAGE * 


O.M. KOSTIUK and V.E. RYBINSKI 


Ukr. S.S.R. Electrical b-ngineering Institute of the Academy of Sciences 


eive 2] Fe hruary 195 


The controlled compound winding of synchronous motors and generators with cor- 


relation as to voltage is at present widely used. At the same time, the p wssibi- 


ities of improving the co pounding circuits Dv achieving a relationship between 
the excitation of synchronous machines and not only the stator current, but also 


the stator voltage. taking the phase angle between them into account phase com 


pound winding) and also by achieving circuits with parameters which ch inge 


under the action of an automatic corrective device, have been under examination 


for quite a long time 


In 1945. circuits for controlled (not phase) compound winding were developed 
bv Mosc ow Regiona Power Syste Adn inistration and simultaneously by the 
Moscow Electric Power Institute and the State Trust for the Organization and 
Efficiency of Electric Power Pla ontrol was accon he he excitation 


f or pound 


of an intermediate transformer | shorting choke normal « 
winding circutt An electronic voltage corrective device was used for this urpose 
in both the articles referred t The ortcoming of this circuit is the lack of 
automatic reguiatior n load conditions In the second circuit they 
used what was, essential . dditional corrective device e creating a sup] le 


mentary voltage drop at the shunt rheostat, to eliminate U 


made the construction 1¢ regulator more complicated 


For the first time, contr vlled phase co pound winding with electro-mec hanical 
- as 
corrective devices was then act! ieved on a 35) W turbo-generator at Kievenergo 


Controlled pire ? pound winding was thereafter used to improve a cir uit 
with electronic andionic regulators |5|, but this circuit was not widely idopted 


owing to the con parative co nlexity of the regulators themselves 
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Winding of synchronous generators 


\ phase (uncontrolled) compound-winding circuit for self-exciting generators 
of low power was developed in 1940 at the Lenin All-Union Flectrical Engineer- 
ing Institute [6]. In recent years, circuits for the phase combination of controlled 
compound winding with the field current, not controlled from the voltage [7 and 
8], have been used for this purpose. The circuit for the phase combination of 
uncontrolled compound winding with the field current controlled from the voltage 


should be noted [9]. 


( ontrolled compound winding was also ac hieved for low-power generators 
with mechanical exciters, but in these circuits there is no automatic regulation 
in low generator load conditions, and the voltage regulation accuracy is not 
high {10} 


This artic le sets out briefly the results of the development of a system for 
the automatic regulation of synchronous generator excitation, with phase com- 
pound winding controlled from the stator current and voltage. The industrial pro- 


duction of the regulators described in the artic le commenced in 1956. 


Circuit and principle of operation 


Fig. 1 contains diagrams showing the principles on which generators with 


mechanical exciters operate. 


lhe main compount of the regulator is an all-mains transformer for controlled- 
phase compound winding, which in construction is a transformer-type magnetic 
amplifier. Fig. 2 is a schematic diagram of the all-mains transformer for low- 


voltage generators 


All the transformer windings are sited around the central bars of two IIl- 
shaped magnetic circ uits (1), while the a.c. windings cover both magnetic circuits, 
and the field windings (2) cover each magnetic circuit individually. The primary 
series winding (3) is connected to the stator current circuit, phase A for example; 
the primary parallel winding 4 is connec ted to the stator voltage through an ad- 


ditional resistance of choking coil. 


Taking into account the possibility of non-symmetrical generator states, it 

is desirable to perform compound winding on the current of at least two stator 
phases \ second series winding (5), connected for example to phase B, is pro- 
vided for this purpose. The geometric sum or difference of the magnetizing forces 
in windings (3) and (5) is obtained, depending on the connexion polarity. With 
three-phase compound winding, thers may be a third series winding connected to 
phase ( The polarity of the two windings must then correspond to the sum of the 
magnetizing forces, and that of the third to the difference between them. This type 
of double or triple connexion of a single all-mains transformer is more expedient 


than the corresponding use of two or three separate transformers, one for each 


phase. 


An e.m.f proportional to the resultant magnetizing force of the series and 


parallel primary windings is induced in the secondary (output) winding 6) of the 
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Binding of synchronous generators 
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FIG. 1. Cirewit for controlled phase compound winding with electro-magnetic voltage cor- 


rector 
(a) — for low-voltage synchronous generators; (b) — for high-voltage synchronous gene- 
rators; | — all-mains yatrolled phase compound winding transformer; 2? measuring 
device saturable transformer }— magnetic amplifier; 4 — tuned circuit for frequency 


correction; 5 — voltage transformer; 6 adjusting compensator; 7 — step-up compensator 
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Winding of synchronous generators 


all-mains transformer. The second- 
ary transformer winding current is 
rectified and fed to the exciter- 


excitation circuit (Fig. 1) 


It is expedient to connect a 
filler-type condenser in paralle| 
with the magnetizing winding (2) 
(Fig. 2) 

The phases to which the trans- 
former paralle! winding must be 
connected are determined wit! 
respect to the circuit diagram for 


the series windings of the all- 


mains controlled phase compound 

winding transformer and to the 

type of additional resistance in 
FIG. 2. Core and winding distribution in the all- the paralle| winding circuit (choke 


mains controlled phase compound winding , 
or rheostat The phases selected 


transformer 
nust be such that, for an almost 
inductive load, where cos & = 0, the magnetizing forces in the primary windings, 
which are proportional to the stator current and voltage, coincide as to direction, 
while for a load, where cos 4 = 1 they should be displaced by an angle of 90° 


and the magnetizing force proportional to the stator voltage must lag 


The most expedient and constructionally convenient circuit is that of the 
double connexion for the difference in magnetizing forces of two phases. When 
connecting for the sum of the magnetizing forces of two phases, there will be no 


forced excitation in these phases on short circuit 


The electro-magnetic voltage corrective device has a three-phase measuring 
appliance at its input side, which acts on the single-phase intermediate magnetic 
amplifier The output side of the voltage corrective device is connected to the 
field winding of the all-mains transformer. The possibility of additional correct- 
ion of voltages as to frequency, by means of a tuned circuit connected to the 
non-linear component circuit, has been foreseen for low-power generators (Fig 
1 a). In this case, to reduce the size of the tuned circuit, the non-linear compo- 


nent circuit is made on the frequency tripler system 


The regulator shown in Fig. 1 b has been developed for powerful high- 


voltage generators. To increase the available regulation power and further im- 


prove the dynamics of the regulator, double-circuit regulation may be introduced; 


here a magnetic amplifier, counter-connected to an additional de-magnetizing 


field winding in the exciter, is also controlled from the corrective device measur- 


ing appliance. No additonal correction for frequency is required for powerful 


generators or for generators working in parallel! in a powerful electric power sys- 


tem. 
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Winding of synchronous generators 


Owing to the development 


of a phase compound-winding 


output 4 
circuit, the amplification coeffi- 


‘ cient of the voltage corrective 
device may be considerably less 


than for simple compound wind- 
ing. In this connexion, the lag 


of the magnetic amplifier and 


control circuit of the all-mairs 
transformer is also less than 


the lag in electro-magnetic vol- 


tage correctors; this increases 


regulation stability. In this 


case, there is no need for ad- 


ditional regulator stabilization 


appliances; this simplifies the 
regulator circuit and still further 


increases the difference e between 


its speed of action and that of 
the electro-magnetic correctors 


rer lo 
gen load 4+ present in use, in which a 


% flexible negative feed-back (a 


; stabilizing transformer) slows 
FIG. 3. The relationship between reguiator output 5 


urrent and voltage. | — Generator open circuit; down the regulation 


2- High power factor, / 5 — 
ow power factor, gen gen load: 4 


5 — low power working characteristics are 


power factor, ven load; 


fac tor, | pen leen load. 


given in Fig. 3 for various gene- 
rator states. For generator short- 
circuit and low loads, automatic regulation is ac complished by voltage compound 


winding (curve 1). The relationship between the regulator output current and 


the generator voltage, load current and power factor is characterized by a set of 


curves (2-5). from which it is clear that generator excitation increases with 


reduction of the power factor 


The spring feed-backs from the stator current and the regulator output cur- 


rent necessary for adjusting the regulator to the re quired statism and also for 


increasing the accuracy of the voltage regulation are provided in the regulator 


circuit (Fig. 1). In installations where very high voltage correction accuracy 1s 


not re quired, the stator current feed-back need not be used In addition, it is 


possible to amplify or weaken the magnetic umplifier internal positive feed-back 


by using the normal additional external feed-back from the amplifier output cur- 


rent (not shown in Fig. 1 


Additional magnetic amplifier feed-back alters the steepness of the charac- 


teristics in Fig. 3. Increase in accuracy, and also decrease in regulation stabi- 


lity, correspond to the increase in steepness, which is limited by the possibility 
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Winding of synchronous generators 


output 
- 


‘output load | 


FIG. 4. Relationship between regulator output 
current and stator current in forcing condi- 
tions for steady reduction of 15 per cent in 
voltage (unbroken curves) and steady three- 
phase generator short circuit (dotted) 


gen ] controlled phase compound winding; 


| 2 normal compound windit with slow- 

gen loac 
— acting electro-magnetic corrector (I . and 


1% % } MK) 


of a relay effect l’eed-back from the stator current is connes ted with polarity 


such that curves (2-5) are displac ed to the left of curve 1. 


In the case of feed-back from the stator current, the feed-back from the re- 
gulator output current 1s connected with polarity such that curves 1-5 are dis- 
plac ed to the right and their steepness inc reased. Here, accuracy of voltage cor- 
rection increases with changes in the frequency and heating of the generator and 
exciter. | eed-back from the regulator output current also changes the phase sen- 
sitivity of the regulator; here the high and low power factor curves are displac ed 


vertically in relation to one another 


The type of feed-back is selected when adjusting the regulator with respect 


to the generator and exciter parameters and the voltage correction requirements. 


It is also clear from Fig. 3 that the regulator described without additional 


feed-backs can easily ensure adjustment with regative statism. 


For example, if the regulator output current ts altered, in different gene- 
rator conditions, between open circuit and full load with a low power factor, the 
negative regulation statism between values a and / is about 3 per cent. In order, 
for example, to produce positive regulation statism, it is necessary for curves 
(2-5) to be displaced to the left of curve (1). This can be achieved by feed- 


backs. 


It should be emphasized that the widespread idea that positive statism is 
necessary is based on the premise that a regulator setting of that sort en- 
sures parallel! working stability. Meanwhile we know that, from the point of view 
of maintaining constancy of voltage at the receiving terminal, it is most expe- 
dient to use a negative statism setting for automatic voltage regulators. The 
existence of the equalizing connexions, described below, enables us to recom- 


mend the negative statism adjustment of regulators as being more correct in 
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principle; this adjustment is easily achieved without introducing any additional 


equipment into the circuit. 


Positive statism adjustment is easily achieved, on the other hand, in regu- 


lators of the compensator type, reacting to differences in the quantity being re- 


gulated. To create negative statism, essentially, a regulator compound winding 


is used; this, however, requires additional equipment. 


Fig. 4 shows the forcing capacity characteristic of a regulator at generator 
voltage drops of 15 and 100 per cent (short circuit). Similar characteristics for a 


type UK-FMK regulator are plotted for comparison (simple compound winding with 


an electro-magnetic voltage corrector), on the assumption that, in the second 


case, the component of the resultant regulator current determined by the corrective 


device for a rated generator state, is 30 per cent. It is clear from Fig. 4 that the 
forcing capacity of the regulator being described is considerably higher. This is 


associated with the fact that it is necessary for this regulator, at rated voltage, 


other things being equal to take an all-mains transformer coefficient of trans- 


formation such as to compensate the field effect, which may be regarded as an 


additional transformer error. Therefore, with a drop in voltage, when the trans- 


former magnetization is sharply reduced, the compounding coefficient quickly in- 


creases; this is a feature characteristic of controlled compound winding cir- 


cults. 


The increased forcing capacity, which has been indicated for the regulator 


described. makes the reactive load distribution stability condition more difficult, 


when generators are working in parallel. In order to achieve reliable stability, 


particularly for the generator voltage bus-bars when they are working in parallel, 


it is desirable that there should be an equalizing coupling between the generators 


working in parallel. This is achieved by the parallel connexion, either directly 


or through a spacing transformer, of sections, of the secondary windings them- 


selves, of the all-mains transformers. In many cases, this circuit is more expe- 


dient than the use of equalizing connexions between the excitation circuits. In 


the proposed circuit, the excitation circuits are not electrically connected, and 


the possibility of using the coefficient of transformation in the equalizing cir- 


cuit enables us to operate various types of generator in parallel. The elasticity 


of the equalizing coupling can be regulated at will by a small impedance con- 


nected in series. 


It is possible, for low voltage generators, to confine ourselves to only one 


equalizing conductor between the primary (parallel) windings of the all-mains 


transformers on the choking coil side (Fig. la), since in this case the equaliz- 


ing coupling closes the primary commutation circuit of the generators working in 


parallel. 


It should be pointed out that the compound winding and voltage correction 


circuit described, is very valuable for self-exciting synchronous generators. In 


this case, in order to ensure the necessary compound winding capacity, all- 
mains transformers may be connected to the three phases. If additional frequency 
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correction is not applied, the voltage corrector may be still more simply cons- 
tructed in the form of a saturable choke and rectifier. The choke is connected to 
the generator through a step-down transformer. The core of the choke should pre- 
ferably be of permalloy (a type |'TT-6 current transformer is used as the choke 
in the regulator we have constructed), but satisfactory results may also be obtained 
when using high quality electrical engineering steel. In this circuit the corrector 
is practically without inertia. 

For comparatively powerful generators, controlled phase compound winding 
may be combined with uncontrolled phase compound winding, ensuring 70-80 


per cent of the required excitation capacity. This makes it possible greatly to 
reduce the size of the all-mains controlled phase compound-winding transformers. 


Basic relationships 
Let us examine the steady working conditions for a phase compound winding 
circuit with all-mains transformers, assuming as a preliminary that the compound 
winding is uncontrolled. 


Using the super-imposition principle, we can find the current in the second- 


ary winding of the all-mains transformer : 


+ Tikh + cosy (1) 


where /,, and /,,, are the currents in the transformer secondary winding for 
short circuit (at the specified stator current and open circuit conditions, and y 


is the angle between the currents /, and /,,,. 


Currents /,, and /.; are determined as follows: 
ly Ok Onn V /ze) (wy, @,) 


where /, is the current in the all-mains transfomer primary winding, 

V is the generator voltage (Fig. la), or the voltage on the secondary 
side of the compensator (lig. 1b), 

are coefficients allowing for the all-mains transformer current 
errors for generator short-circuit and open circuit conditions, 

are the number of turns in the series and parallel primary windings 
and the secondary (output) winding of the all-mains transformer, 


and Okh 


1+ Wy, 


We is the equivalent number of secondary winding turns in short-cir- 
cuit conditions (taking into account the effect of the primary paral- 
lel winding), 

is the equivalent resistance of the compound winding circuit due 


to voltage in open circuit conditions. 


The values of w,, and z, are determined from the following equations: 
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“ he re 


the load resistance at the output side of the compound winding circuit, reduced 


to the number of windings in the all-mains transformer primary parallel winding 

(5; and 3, are relationships of the mean rectified current and voltage values 

to the effective values for alternate current and voltage at the rectifier); 
the resistance in the il l- Mains transformer primary parallel wind- 
ing circuit, 
is the difference between the impedance angles of the all-mains 
transformer primary paralle| winding circuit and secondary wind- 
ing circultl, 

and 7 and vy, are « oefficients allowing respectively for the difference between 
the different voltage drops in the all-mains transformer secondary 


and primary oaralle! windings and the transformer voltage error 


in open cir uit « onditions 


The current fed to the all-mains transformer primary parallel winding circuit 


in generator short-circutt conditions is deter nined by the equation: 


Fig. 5 gives the vector diagran for the case where an all-mains trans- 
former is conne< ted with the difference in currents between two generator phases 


and its linear voltage. The direction of the vector / is determined by the im- 


IAN 
pedance angle , of the e juivalent resistance Z,., the direction of the vector 


I, by the angle a whic! illows for the angular error of the all-mains transformer 
ak 
vs regards the current reaching its primary parallel winding circuit (the direction 


ON is parallel to the vector len ly } 


When the angle a alters, the end of the vector a moves along the time curve 
which represents a circle of radius 4, its centre lying at the ends of the vector 


/ 


The basic relationships of the linearized phase compound winding circuit 


which have been obtained can also be applied to controlled compound w inding 


with the proviso that the magnetic state of the all-mains transformer is spec ified, 
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~ 
Time curve for the 


vector of le with change \\ 
in the angle © 


FIG. 5. Phase compounding vector diagram. 


taking into account the constant magnetization corresponding to the specific 
generator voltage. The values of the parameters 0, , Okh> Vk» Veh» W and a must 


correspond to the given regime. 


The sensitivity of the phase compound winding circuit dl,/dd@ depends on the 
correlation of the currents /,, and /,,, and the initial phasing angle, generally 
equal to y + d. For each phase compound winding circuit this angle is a constant 


quantity. 


On increase of this angle, the phase sensitivity rises, but, as analysis and 
tests showed, where the initial phasing angle exceeded 90° there was intensifi- 
cation of the undesirable non-linearity of the synchronous generator external 
characteristics, when loaded at a high power factor. It is expedient, therefore, to 


limit the initial phasing angle roughly between 70° and 110°. 


Phase sensitivity is still not unduly lowered at the lower limit, and at the 


upper limit the non-linearity of synchronous generator external characteristics is 


within the tolerated limits. 


\ phase compound winding-circuit sensitivity ensuring that the external 
characteristic of the generator being regulated is independent of the power factor 
may be called normal. For astatic adjustment of a circuit for the automatic regula- 
tion of excitation, the phase sensitivity must approximate to the normal value. 

If adjustment with negative statism is being made (back regulation, to compensate 
for the voltage drop in the circuit supplying the consumer), it is expedient to have 
phase sensitivity above normal. Then the negative statism will be higher with 
inductive generator loading and with lower operating load; this is a requisite for 
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Winding of synchronous generators 


FIG. 6. Oscillograph recording of transitional processes. 

(a) three-phase short circuit of MS-126-4 generator: 

(b) short-circuited induction motor started from MS- 126-4 
generator, engine power about 30 per cent of generator 
power 

1 — generator current; 2 — generator voltage; 3 — generator 
excitation voltage; 4 — generator exciter excitation voltage; 
5 — frequency 


obtaining a better approximation of astatic characteristics at the consumer's end 


or at a nodal point in the circuit 


Test results 


Production models of the regulator were made according to the controlled 
phase compound winding circuit described. The Electrical Fagineering Institute 
of the Ukr. S.S.R. Academy of Sciences assisted by the “Elektroprivod” (Moscow) 
Central Design Bureau, tested the regulators on VIS-126-4 (150 kW) and MS-92-4 


(50 kW) synchronous generators working separately and in parallel. 


The external characteristics of the generators being regulated deviated with 
wide variations in the power factor between 0.1 and 0.8 (inductive load), by not 
more than + 1 per cent from the mean value. Adjustment corresponded to a negative 
statism of 1-2 per cent. The phase sensitivity of the compounding circuit was 
above normal, since with low power factors, the negative statism was higher than 


with high power factors 


The generator operation was extremely stable when working in parallel, 
where there were equalizing couplings. Opening the equalizing coupling shortly 
disrupted the stability in an aperiodic manner, one of the generators passing to 
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FIG. 7. Typical transitional processes in a circuit with 

weak damping without spec ial equipment for changing 

Statiam (generator and exciter) 

(a) compensation type regulator with artificial damping. 

(b) controlled compound winding without artificial 
damping 

(c) compensation type regulator without artificial 


damping 


conditions with a capacitive power factor 


Oscillograph recordings were made of the transitional processes when 
static loads (about 50 and 100 per cent of the rated power of a generator with 
high and low power factors) were cut in and out, when starting short-circuited 
induction motors (about 30 and 90 per cent of the generator rated power), and for 


a number of generator short-circuits lasting for up to 1.5 sec 


Oscillograph recordings, for cases of the short-circuiting of a 150 kW 
generator and the starting of an induction motor connected to that generator, are 
given in Fig. 6; it is evident from these that the regulator ensures high-speed 
action and that the transitional processes are of a favourable nature. The low 
regulator lag is typified by the fact that the voltage at the regulator output (at 
the exciter shunt excitation winding) rose practically simultaneously with the 
stator current, and then in addition rose, owing to the removal of the excitation 


of the corrector, to maximum value in about 0.2 sec 


Tests made on a 50 kW generator with self-excitation through a regulator 
of the type described showed that the nature of the transitional processes is 


still more favourable in this case. 


Fig. 7a shows the change in voltage when a static load is applied to a 
generator fitted with a compensation voltage regulator, with positive regulator 
statism and no special equipment for altering the statism. Fig. 7b shows a similar 


transitional process for the regulator described with natural negative statism. We 


can see from comparison of the curves that, in the second case, the first normal 
regulated voltage value is reached quicker, and the nature of the transitional 


process is more favourable. 
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Winding of synchronous generators 


Where sufficiently effective means of damping, which complicate the design 


of compensation regulators, are not available, the transitional process shown in 


Fig. Te is typical of these regulators; here, the time for the first restoration of 


voltage is somewhat shorter, but the oscillations are more intense. 


The transitional process on reduction in the compound winding coefficient 


is shown by the dotted line in Fig. Tb. Here the over-regulation is reduced, but 


so is the forcing capacity of the regulator It should be emphasized that over- 


regulation for a single shock, and the consequent sufficiently fast aperiodic 


steadving of the conditions, may be regarded, when we consider the essential 


factors which make the post-shock conditions more difficult, as a favourable form 


of transitional process. Such factors are respective loads, for example, the alter- 


nate running of motors, changes in the slip of induction motors(which are braked 


on initial reduction of voltage and accelerated when it is subsequently restored) 


etc 


The considerations set forth were well supported by the tests. In particular 


1958 


on eliminating the short circuit of a 150 kW generator running idle, the over- 


regulation was 19.5 per cent of the rated voltage, but when a loaded 40 kW induc- 


tion motor had previously been « onnected, this over-regulation was reduced to 


Sa). Similar tests were successfully carried out on a VS-1250- 


5.6 per cent (hig 
750 (1000 kW) generator. A regulator constructed acc wding to the circuit in 


Fig. lb was tested on a 25 VIW type T 9-295-2 turbo-generator. 


Translated by }.11. Dixon 
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TRANSISTOR AMPLIFIERS OF THE ALLOY TYPE * 
A.A. MASLOV 


(Received 23 September 1957) 


An ordinary flat transistor amplifier consists of two electron- or hole-conducting 
junctions, situated in a single monocrystal and separated by a distance w; this 
distance should be considerably less than the diffusion length at the non-base 
carriers in the middle region. If a triode is made in such a way that an electron 
semiconductor,conventionally denoted by an, is fixed in the middle and a hole 


semiconductor, denoted by p, on the sides, then such a triode is called a p-n-p 


type as opposed to the triode of the n-p-n type, in which the mid section is the 


hole type of semiconductor. As is generally known, the semiconductor amplifier 
is connected in a circuit in such a way, that a forward biased voltage is applied 
to one junction; this junction is called the emitter junction. To the other junction 
a reverse biased voltage is applied; this junction is called the collector. The 
mid-part of the triode between the two junctions is called the base or the base 
region. 

The circuit of a p-n-p triode is shown on Fig. 1. Consider the mode of opera- 
tion of the p-n-p type amplifier. The emitter is biased on the forward direction 
and in certain conditions it will cause the injection of holes into the base region. 
Since the width of the base w is considerably less than the diffusion length of the 
holes in this region, the holes injected into the n region will be diffused to the 
collector and only a part of them will recombine with electrons in the base layer. 
The collector is biased in the reverse direction; the electric field is in such a 
direction that it will attract holes which entered in the base region. Consequent- 
ly, these holes will reach the output network of the collector and produce the 
current of the output signal. If the value of the emitter current varies, the value 
of the current in the collector network will vary as well. Usually triodes are con- 
structed in such a way that a considerable part of the emitter current enters the 
collector network. Therefore we can assume that the change in the emitter cur- 


rent is approximately equal to the change in the collector current, i.e. 


* Electrichestvo No. 2, 46-51, 1958 [ Neprint Order No. EL 52). 
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Transistor amplifiers of the alloy type 


Since the collector junction has a reverse bias and consequently a high load im- 
pedance, the change of current in the collector occurs in a network of high resist- 
ance, and this will produce a large change of voltage, tens of times greater than 
the change of the voltage in the emitter network, which produced the change in 
the emitter current. As a result, there will be a voltage and power gain, which 
can be taken from the load resistance. To get a good gain it is necessary that 
V/. should differ from \/, as little as possible. The ratio ho a a is calle 
the current amplification or current gain of a crystal triode. The current ampli- 


fication depends on the quantities given below. 


1. Emitter efficiency 


The current flowing through the emitter junction has two components: the 
hole, and the electron components. In amplifying operations of the p-n-p triode 
only the hole component of the current takes part. The ratio of the change of the 
hole component (\/,;,) to the total emitter current (A/,) is called the emitter 


efficiency and is designated y. Obviously 


V7 


e 


. By simple calculations we can find that } 


where Oh is the base region onductance 
0 is the emitter region conductance, and 


é 


feo is the diffusion length of the non-base hole carriers in the emitter 


é 


region. In order that y should be near to unity it is necessary that 


2. The ability of the base region to transfer the holes leaving the emitter to 
the collector () 


This quantity is determined as the ratio of the change of the hole con 
nent of the collector current to the change of the hole component of the e 


current, 


Collector 


Emitter 

i “A 

i 

by 


n 


+ = +, 
11 ii! 


+ 


FIG. 1. p-n-p triode in a common FIG. 2. p-n-p triode in a common 


base network emitter network 
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2 


The losses in the base are caused by a partial recombination of holes with elec- 
trons. Obviously, to keep 8 near to unity it is necessary that w< Ly. The value 


of 8 can be calculated from the expression: 


l 
cosh (u 


j ) 


3. Collector efficiency a 


The holes which have entered the collector region come under the influence 
of the accelerating field and can cause an avalanche process of hole increase. 


For the flat allov triodes normally a* = 1. 


The current gain will be determined by the product of the three above- 
mentioned factors a = y 8 a*. We have neglected here possible losses in the outer 
network and the influence of the frequency on the amplifying properties of the 
triode. Therefore, a will be the current gain for low frequencies and for the short- 
circuited collector junction. The factor a is an important physic al characteristic 
of a triode and does not depend on the method of connexion in the circuit. The 
current gain for real circuits will be different. The circuit in Fig. 1 is called 
the circuit with a common base. This circuit has a small input and a large out- 
put resistance The current gain of this circuit is less than a. This is true only 
for a short-circuited collector junction, i.e. when R, = 0, K; = a. Two other 
methods of connecting a triode are possible. Fig. 2 shows a triode with a common 
emitter. This is characterized by large input and output resistances Input and 
output voltages are of the opposite phase. This circuit gives the largest amplifi- 


cation. The factor K, for R, 0 has the value 


% 


FIG. 3. p-n-p triode in a common 
collector network FIG. 4. Four-terminal network 
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Since normally a> 0.9 K,;, is large, this circuit is mainly used for flat ap- 
paratus. In Fig. 3 we see a circuit with a common collector. It has high input and 


low output resistance. The current gain for R. = 0 is 


Omitting discussion of the processes occuring inside the triode we can con- 
sider it as an active four-terminal network, whose diagram is shown in Fig. 4. 
To describe the influence of such a four-terminal network on the external net- 
work it is necessary to know four quantities: input (l ) and output (l 2) voltages, 
and input (/,) and output (/,) currents. Obviously, we can consider any two of 
these quantities as independent variables, and two other as dependent, which are 
determined by the independent variables and by the parameters of the four-terminal 


network. 


We assume that U, = f (/,) and U, = f (/,). A change in the current by \/, 
and \/, will cause a change of voltage \U, and \U,, hence 
OU, Al { ) 
dl, 2 
AU, =<? AI, + Al, (la) 


él, Ol, 


If we assume that changes of currents and voltages are small in comparison with 


values U,, U,, /,, 1,, and this is valid for low signal levels, then the assumption 


of the linear dependence of AU,, \U, on \V/,, and \/, is justifiable; consequent- 


ly 


Oly 


Z,,A1, + 
+ AZ pol. 


These four resistances determine entirely the behaviour of the triode in a cir- 


cuit. There is no difficulty in finding these resistances by direct measurement. 


Using the values of these resistances and solving the equations for the four- 
terminal network, we can determine the current and power gain of the triode in 


anv circuit in which it may be connected 


lo find the value Z,, it is necessary that /, should be equal to zero, i.e. it 
can be measured with the open circuit output. To determine Z,,, we measure 
Vl : and V, with the open-cire ult input In exactly the same way, having mea- 
sured \U,, \/,, and A\/, with the open-circuit input and short-cire uited output, we 


can determine y ae and Z,,. Therefore. this network is called a network of no- 


load operation, or briefly, a network of Z-parameters Its disadvantage consists 


au 
‘ 
i 
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in using the short-circuited output. Mut usual conditions of operation are near to 
short-circuit conditions at the output, since the collector junction resistance is 


large in comparison with the load resistance. Moreover, at high frequencies, the 


collector capacitance becomes appre iable, and it is difficult to realize no-load 


conditions It is re convenient to use a network of admittanc es, detern ined by 


the following c juati ms of the tour-tern inal network 


A Us + 


lo determine y para eters it is necessary to ake \V/ and ilternately 


equal to zero, i.e. to produce short-circuit conditions; this method being very 


This syste if parameters is called e short- 


convenient for high fre juencies 


circuit system or the syste fy parameters Its disadvy intage consists in using 


a short-circuit at the input, and this does not correspond to the actual condi- 


tions in the working of a triode 
Obviously. it wo mvenient to choose such parameters in such a way 


as to measure the in conditions of the pen-circuit input and short-circuited 
output. For this purpos assumed linear relationship of currents and 


voltages, we estbiiah the wing two equations of the four-ter ninal network 


AU, 


where A,,, A,,, &,, and A,, are coe fficients of proportionality Such a system is 


ine the coefficients we have to produc e condi- 


Oand of short-circuited output \/ , 0; and 


very convenient since to deter 


tions of open-circuit tnp V/ 


these conditions are lar to the conditions of the normal working of the triode 


\ oreover, these pura ‘ter have a puite definite physical meaning 
h.. is the input ‘dance with output short-circuit; 


h is the voltage fee back ratio: 
h is the current a ification with output short-circuit; and 
} is the output admittance wit! input open-circuit 


used triode ide by yur industry for low power radio networks 


is the triode ode! fy Its construction 18 sh on | ig 


The most widely 
This triode is a 


by fusion of indium into a germaniun lamina of 
>t) 


limensions 2.3 x 2.3 m he original germanium has resistance of | 2\2 em 


p-n-p type amplifier: it is made 


and a diffusion length 


This triode is ide in five types | imiuiting operation v ilues of these triodes 


sre given in Table 1, and their basi electrical characteristics in Table 2 
In Table 2 electrical data are given for normal operation conditions in a net 


with a common base 
bor calculation of the yutpul case ade stage it 18 necessary to know the in- 


put and output triode characteristics 


2.8 
| 
136 
| 
| 
| 
= 
| 
1 O55 
| 
| 


Transistor amplifiers of the alloy type 


TABLE 1. Limiting values of the triodes model P -6 at ¢ = 20°C. 


Parameters ] P6A P6B P6C 
( olle« tor voltage with respec t to | 
the base U.. with /, 0 
(Vv) c max 
Collector voltage with respect to 


a6 
the emitter 


(V) 
Reverse emitter voltage 


e max With 4, 0 


(V) 


Collector current /. (mA) 

Emitter current (with U, 

(m A) 50 
Junction temperature ¢; (° , | 100 


Collector dissipation P 


(m W) 150 


TABLE 2. Fundamenta! electrical characteristics of the triode model 


for t 20 + 5°C in the common base network 
T 
Parameter P6A P6R 


Output admittance (with input 
ope n-c ire uited) h, (mii?) 


Current amplification (with out- 


put short-circuited) h. 0.965 | 


Input insistance (with output 

short-circuited)é,, (12) 

Voltage feedback ratio (input 

ope n-c ire uited Mia x 10 

Collector capacitance C..(pF) 

Collector reverse urre nt 

(uA 

reverse current 


i (yA) 


Tempe rature rise R, 


Fig. 6 shows average input characteristics of the triode mode! P6D for 


{ ._ 5 V with indication of possible deviations from mean values, and Fig. 7 


shows output characteristics for the same group of triodes 
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| 
50 50 | 50 
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150 150 | 150 
| P6D | Per 
| 
1.0 | 0.7 0.7 0.7 | 0.7 
2.0 3.0 2.0 
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Triode model 


Power gain kp (dB)| 


t 


Current gain 
{common emitter 
network) 


Power given to the 


load in class 


P (W) 


out 


= 


( olle« tor 
urrent, for 


10 V (mA) 


Voltage drop 

between emitter and 

collector for fe 2A, 
iR 300 mA (V) 


- 


jo 


llector 
ico non 


emitter network) for 


yey 


Limiting collector 
dissipation witha 
heat dissipating 
device keeping (the 
temperature of the 
triode frame 
not over 50°C (W) 


Coefficient of non- 
linear distortion 


«de 
a 
| 
- rat sec) 
x 
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if 


FIG. 5. Germanium triode, model P6. 


olle« tor elec trode; 


germanium crystal; 


FIG. 6. Input characteristics of the P6G 


emitter electrode; 
housing; triode for [ — 5V in a common emitter 


colle tor; network 
averaged parameters; 


- base; 
emitter — — minimun and maximum parameters. 


Averaged input characteristics 
P6G triode in a common emitter 


network 


FIG. 8. Voltage drop caused by the 
electron current. 


— lines of the electron current in the 


base 


— emitter; 


— base ¢ ontact, 


— collector. 
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max, 


- 


9. 


. 9. Germanium triode model P-4 
— housing; 
— disc; 
— lead; 
— black paint, 
— flange; 


— junction; 
washer; 


insulator; 


tube. 


Powerful semiconductor triodes 


The increase in power of triodes plays an important role in widening the 
scope of the application of semiconductor instruments. This problem, however, 
meets with many serious limitations; because of this, it has yet not been pos- 


sible to produce a triode of more than 100 W dissipation without forced cooling. 


The main difficulty in making powerful triodes is non-uniform current dis- 
tribution in the emitter. This can be explained thus: in the p-n-p triode base 
there is always, besides the hole current, flowing from the emitter and reaching 
the collector, an electron current as well, caused by recombination of holes in 
the base. This current flows in the direction from separate points of the base to 
the base contact and is parallel to the surface of the emitter. Since germanium 
has a sufficient resistance, this current creates an electric field in the base 
directed from the centre to the periphery. |.ines of the electron current in the 
base and the drop in the voltage caused by the current are shown in Fig. 8. 
Under the influence of this field, holes leaving the emitter are pushed towards 


the periphery. In consequence, non-uniform emitter current distribution occurs. 


This phenomenon causes the lowering of the current gain in the triode. 


The larger the diameters of the emitter and collector, the more important 
this becomes. Therefore, although increasing the power of the triode, we cannot 
at the same time considerably increase the electrode diameters for improving 


conditions of heat dissipation in the « ollector junction. 


l'sing germanium with a longer life expectancy, and thus lowering the base 
current and bringing the emitter efficiency nearer to unity by subsituting special 
alloys for indium, we can reduce the value of the electron current and, con- 


sequently, reduce the non-uniformity in the emitter current distribution. 
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Transistor amplifiers of the alloy type 


Industry produces powerful triodes of the P3 type with dissipation 3.5 W, 
of the P201 type with dissipation 10 W and of the P4 type with dissipation 25 W 


as well as other models. 


Fig. 9 shows the construction of the P4 triode. Its fundamental electrical 


parameters are given in Table 3. 


To increase the emitter efficiency, an alloy of indium with 1 per cent of 
gallium is used instead of indium. Since gallium has a coefficient of separation 
100 times greater than indium, the addition of 1 per cent of indium reduces the 
resistance of r-germanium, formed after recrystallization, by one half. To reduce 
the recombination rate in the base, ordinary n-germanium is used with diffusion 


length not less than 1.2 mm. 


With the elimination of factors producing non-uniform current distribution in 


the emitter, the production of the alloy triodes with dissipation up to 100 W is 


now possible. 


Translated by S. Szymanski 
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\ STUDY OF THE SYNCHRONIZATION PROCESS IN COMPOUND 
EXCITED MOTORS * 


V.L. INOSOV and V.E. KRUTIKOVA 


(Received 7 February 1957) 


In the processes of starting and synchronizing a synchronous motor, the major 
role is pl aved by the damping cage, the design of which must be based on ana- 


lysis of the motor sync hronization process The present paper gives the results 


of a study of the synchronization process in compound excited motors [1,2]; they 


may also be extended to other types of compound synchronous motor. 


The motion of the rotor of a synchronous machine is described by the non- 


linear differential equation 


where 
5 is the angle of lag of the rotor; 
i) is the constant of inertia of the rotor, in sec; 


D is the damping coefficient in relative units, which is a function of the 


angle and its first differential; 

is the electrical torque of the machine (stator) in relative units, this 
depending on the angle and its differential; 

is the load on the machine shaft; 


is the angular speed of rotation of the ma ch ine 


A study of the synchronization process in a motor involves analysis of this 


equation in the range where the nachine is slipping slightly; except for the method 


of numerical integration, this analysis can only be carried out by studying the 
trajectory of the motion in the phase-plane 


lwo methods are known for carrying out such an investigation: the isocline 
method (3, 4) and the construction of separatrices (5, 6 Both methods are not- 
able in that they are co paratively verv laborious. Thus, in the isoc line method 
it is necessary to seek and plot the geometrical locations of points of equal slope 


on the integral curves, whereas the separatrix construction involves calculating 
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A study of the synchronization process in compound excited motors 


successive intervals by the trajectory method, and therefore takes up a consider- 


able amount of time. 


In the present investigation, the co-ordinate grid method was used. The cons- 
truction of integral curves by this method is carried out as follows. Writing 


5 d5/dt = vy, we find from equation (1) the tangent of the angle of slope of 


tangents to the trajectory of rotor motion on the phase-plane:- 


d, Dy) 

dt Mv M ° (9) 
For the various points on the phase-plane lying at the corners of the co- 

ordinate grid (5;, y;) the values of tan a; are determined and plotted on the plane 


in the form of arrows (lig. 1). 


\pproximate rotor-motion trajectories are constructed, in accordance with 
the slope of the arrows; the shape of the curves provides a qualitative solution 
to the problem; i.e., it establishes whether the motor will get into synchronism. 
Since the direction of slipping does not reverse between the moment of starting 
and that of reaching synchronism, it is sufficient to construct the trajectories 
in the lower half-plane only. The synchronization criterion for a motor is the 
reduction of rotor slip after one complete pole-pitch has been slipped (in the 
range of small degrees of slip); i.e. the reduction of the absolute value of y at 
the end of an interval (7; — 7) as compared with its value at the start of the 


interval. 


Trajectories of rotor motion, constructed by this method and calculated by 
the successive interval method, using an electronic computer, agree reasonably 


well. 


The completeness and carefulness of an analysis of the synchronization 
process are determined by the degree to which other factors influencing the 
damping coefficient and the electromagnetic torques P, of the machine are taken 
into account. However, the attempt to take into account all the factors involved 
in the complicated synchronization process in compound excited motors in gene- 
ral would have no practical significance, because of the immensity of the task. 
Thus, for a start, calculations were made to elucidate the magnitude of the ef- 
fects of various factors on the synchronization process, so as to decide which 
factors could be neglected. The conclusions reached were checked by experi- 
ment. As a result of the preliminary calculations and experimental work it was 
established that one could ignore the saturation of the machine and the presence 
of valves in the rotor circuit, since the test showed that in the compound excita- 
tion circuit the rotor current does not change direction during synchronization. 
The transient process on switching the motor on to the rectifier was also ignored. 


The effect of the remaining factors was accounted for as follows. 


The relationship between the damping coefficient and the angle of rotor lag 


and slip was taken in accordance with the 7Zhdanov formula (7): 
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A study of the synchronization process in compound excited motors 


The electrical torque P of the machine was determined as the sum of three 


terms taking into account the reactive oment of the machine, the effect of cur- 


rents induced in the rotor winding, and the synchronous moment (allowing for the 


active resistance of the stator) respec tively; thus 


=U? sin 28; 


— sina 
ptine+ 


sin (8— a), 


90° 
The existence of a series component of excitation in the circuit of normally- 
adjusted compound excited motors. with and without regard to the angle of lag 
of the rotor in respect of the rotor current in relation to the damping cage was cor- 


respondingly taken into account by introducing the relationship between the e.m. 


f. Eg and the angle 6 


— n) cos 
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FIG. 1. Trajectories of rotor motion, calculated by the co-ordinate 


grid method for a motor of the following parameters:- 


x = 1.6; « g = 0.312; Ky = 0.95; M = 1.27 sec; Ty = 0.08 sec. 


Where 2 — is the ratio of the growth of e.m.f. Ey to the series component of 


excitation, as angle 5 varies from 0 to zm: 


Cos 


The value of n is determined by the compounding coefficient K and the syn- 


chronous reactance 


From equations (3) to (8) it follows that the expression for tan a can be 


written as a sum of the form: 


tana = (y) F, (8), 


where F, (5) are simple trigonometric functions. 


Values of F (y), calculated for any y value whatever, remain invariant as 


angle 5 varies; these calculations are thus not laborious and can be completed 


in a short time. 


From a comparison of rotor motion trajectories calculated for a series of 
cases, it could be established that lag in the change of magnetic flux in the rotor, 
relative to the change of excitation current due to the present of compounding, had 


an adverse effect on the conditions of synchronization of the machine, since it is 


equivalent to negative damping. This deduction was confirmed by experimental 
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tests which showed that, in the presence of compounding, a machine which falls 
out of synchronism is very rapidly retarded almost to a standstill, whereas with 
constant excitation it either pulls itself back periodically into synchronism or 


rotates asynchronously with a small amount of slipping. 


Synchronization conditions are also adversely affected by active resistance 
in the stator circuit, and if the latter is considerable, there is an optimum level 


of excitation for synchronization of the machine. 


The existence of an optimum level of excitation is confirmed by the oscil- 
lographs shown in Fig. 2. The motor gets back into synchronism in the very 
first cycle of oscillation (Fig. 2a), at a certain value of excitation current. At a 
lower excitation current the motor does not get into synchronism. As the exci- 
tation current is increased the synchronization time is extended (Fig. 2b), and 


at a still higher excitation current, synchronization is not achieved (Fig. 2c). 


The effect of the active stator resistance on the synchronization process of 
the machine and the optimum excitation level can also be established analytical - 
ly. Let the excitation (non-compounded) of the machine operate in a stable asyn- 
chonous condition. In this case the sum of the mean values of electromagnetic 
torques acting on the rotor must equal the torque due to the shaft load. The mean 


value of the torque Fe is:- 


where s is the slipping in the machine: 


V 


The critical slipping, at which the machine will synchronize itself, is found 


from the well known Edgerton formula [8] : 


Pmax 


is the synchronous speed of the motor; 


xd is the maximum motor power output; 
is the moment of gyration of the motor; 


r2 + x7 
me and the torque at the motor shaft is: 
245 
cr 
P max = 
| 
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f is the frequency. 


Substituting the value of critical slipping in the formula, we obtain the limit- 
ing power output for conditions of synchronization at the shaft of a synchronous 


motor (non-compounded), taking into account the effect of its active resitance: 


245 
P =- —— Sin 9) 


F.quating to zero the differential of this expression (with respect to £4) and 


bearing in mind that sin a =r/x we find that the maximum load torque at which 


synchronization is still possible will be for the value of Ey equal to 


2 


s/ 245D \? Uxg 


1958 


On the basis of the work carried out it must be concluded that compounded 


synchronous motors should be synchronized with the compounding switched out. 


This eliminates the “negative damping” effect and reduces the active resistance 


of the machine. If a compound excited motor is synchronized with the compound- 


ing in action (which simplifies the starting device), then, as the phase-plane 


studies and the experimental tests have shown, in this case, to determine the 


limiting load torque for synchronization, it is also possible to use the F.dgerton 


formula to find the corre ~t level of compounding, accepting references [1, 2) to 
the effect that 


where a and b are coefficients defining the loss \P in the motor. as a function 
in the motor, as a function of the current /, according to the formula AP = /? + b. 


This deduction has been checked experimentally and shows good agreement 


with experiments. Thus, a 3.6 kW motor, designed on the basis of an SG-4.5 


generator, came into synchronism at 70 per cent nominal load. In this case the 


maximum load torque found from formula (9), at which the motor can still be sy n- 


chronized, is 66 per cent of nominal. An 11.8 kW motor, designed on the basis of 


an MSA-72/4 generator, synchronized at 68 per cent of nominal loss, and the 


calculation from formula (9) gives the same value of the torque, namely 68 per 


cent. 


Translated by E.. Bishop 
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THE PERFORMANCE OF CURRENT-MEASURING TRANSFORMERS 
UNDER INCREASED POWER OUTPUT CONDITIONS * 


BURTAKOV and M.1. GLAZOVN 


Moscow Power Institute 


(Received 8 October 1957) 


In the operation of protective relay circuits, at a variable actuating current, the 


current transformers operate with high load resistances under conditions which 


differ markedly from norma!, since the circuit-breaker cut-out coils and the rapid- 


saturation transformers are usually connected to their secondary coils. The in- 


ductances in the current transformer cores under such conditions are not hundreds 


of gauss, as under normal conditions, but reach 15 to 25 kG Thus, the current 


transformer cores are highly saturated and the magnetization current is sharply 


increased, resulting in a noticeable drop in the secondary current, i.e. in an 


increased error. This refers particularly to built-in current transformers with 


smal! transformation ratios. Reduction of the secondary current also results in a 


relative reduction of the power output of the transformer 


The power output of a current transformer depends on both the value of the 


current passing through the transformer and the value of the load resistance. For 


each current value a load resistance can be found which corresponds to maximum 


transformer power output In particular, at currents of the order of the nominal 


rating, this maximum occurs at load resistances of the order of 1 2 


In cases when the cut-out coils of the circuit-breakers are connected in 


series with the relav (on the main cores of the current transformers), it is neces- 


sary. for calculation of the relay setting, to know the transformer errors when 


their power output is near maximum These errors must also be known in the 


design of circuits with rapid-saturation current transformers, which are in the 


open circuit condition and thus have high resistances at the instant when the relay 


operates 


The present paper considers the stabilizing conditions of current transformer 


operation and the conclusions which are of value in the calculation of protective 


circuits with an operation time which is sufficient for attenuation of the transient 


process in the current transformer 


* Elektrichestvo No. 2, 59-61, 1958 [Reprint Order No. EL 54), 
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Performance of current-measuring transformers 


J, A current transformer can be replaced by 
an equivalent non-linear resistance Z, (Fig.l), 


the value of which is determined so as to cor 


, 
hI Z, respond to the dynamic magnetization curve. 


af The source of supply to the current trans- 


former can be regarded as a source of infinite 


FIG. 1. Simplified heat SO and the secondarv winding resistance 
equiva ent cir 


n be ignored, since in circuits iv 
ca gnored, since in circuits on operative 


a.c. it is much smaller than the load resistance. 


In the calculations, errors in the current transformer angle are usually ignored, 
since, as experiments show, with the normal inductive load on protective relay 
circuits this error is small. Curves of power output against load resistance are 
constructed for various values of primary current. From these results are found 
the maximum values of power output for the transformer, and the optimum load 


resistances and errors corresponding to these outputs. 


If the magnetic flux in the transformer is sinusoidal, the transformer power 


output can be expressed mathematically by the following relationship:- 


is the amplitude value of the inductance, found from the dynamic 

magnetization curve; 

is the partial secondary magnetic field intensity (w, is the number 
of turns in the secondary coil; L, is the mean length of the mag- 


netic path). 


We denote the partial primary magnetic field intensity by the value 


where w is the number of turns in the primary winding of the current transformer. 
Since Hi, =H, — Hp, (9) 
we find that the power output S to the load is proportional to the shaded rectan- 
gular area in Fig. 2. 


It can be seen from Fig. 2 that for a fixed value of primary intensity H,, as 
the inductance increases, the power output of the transformer first increases and 


then falls, reaching zero at H, = H,. 


The maximum power output value is found from the condition:- 


ds 
iy 


aii 


Taking (1) and (2) into account, we obtain 


5 
15] 
a 
958 
where Be l 
——, 
| 
>, 


Performance of current-measuring transformers 


2 


Introducing the following rotations:- 


the differential magnetic permeability; 
the nominal magnetic permeability, 


we find the optimum value of intensity //, corresponding to maximum power output 


at a given value of //, 
(4) 
opt 


where py and 5 op: are the magnetic permeabilities 


opt 


for He = He. op 


To construct this relationship (Fig 3) it is necessary to postulate Ho. ope 
values, to find on the magnetization curve the corresponding values of HH opt 


and fl and to calculate the value of H, 


5 opt 
It can be shown that the optimum load resistance is proportional to the tan- 
gent of the angle of slope of the tangent to the magnetization curve at the point 


c orres ponding to maximum S. Actually, from equation (3), we can obtain: 


B 
Ht, 


The error of a current transformer at maximum power output can be found 
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(A 


=. 
aj iA cm) 


FIG. 3. Relationship between H., opt and H, for a type 


TPF-10 current transformer (core 0.5) 


from formula (4), taking into ac- 
count the fact that the ratio of the 
currents shown is equal to the ratio 


of the corresponding intensities:- 

opt 

+5 opt 


1+ 


The character of the relation- 


% 
70 
60 
50 
40) 
0 


ships between MH opt.’ HS -opt: 


1 and the intensity //, is determin- 
01 


> 


ed by the relationship = f(H,). 


s In the initial part of the magneti- 
FIG. 4. Error of type TPF-10 current transformer 


zation curve increases 


(core 0.5). under maximun power output FSopt 


conditions more rapidly than py and there- 


opt. 


fore as H, increases the transformer error increases (hig. 4). The maximum error 
(8 = 60-70 per cent) corresponds to the part of the magnetization curve which can 
be normally replaced by a parabola (B = 10 to 10°G). When the field strength is 


increased further, increases more slowly than py opt. and correspondingly 


rt 


5 starts to fall. Reduction of the error continues also after passing the 5... and 


FH opt. maxima, since us falls more rapidly than LH. At high values of 


oopt. opt. 


intensity the error increase again (not shown in Fig. 3), reaching 50 per cent in 
the limit. 


Current transformers in protective relay circuits on operative a.c. operate 
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within definite limits of inductance value. At currents near the nominal rating the 
inductances under maximum power output conditions have values of the order of 


10°G and the errors for various transformer designs are within the range of 20 to 


30 per cent. At high currents, the errors under maximum power output conditions 
fall to 10 per cent. The inductances to which corresponds the subsequent in- 


crease in errors up to 50 per cent are considerably in excess of the inductance 


values at which current transformers operate. 


Thus the previous opinion, regarding the high values (of the order of 50 per 
cent and more) of the errors of current transformers operating under maximum power 


output conditions, must be rewarded as incorrect. 


Translated by ©. Bishop 
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A STUDY OF THE EFFECT OF NOZZLE PARAMETERS ON 
ARC EXTINGUISHING BY A COMPRESSED AIR JET * 


R.A. MIKAELIAN 


(Lenin All-Union Flectro-technology Institute) 
(Received ] March 1957) 


The present paper gives results obtained in an experimental investigation of arc- 
extinguishing nozzles of various designs made from insulating and conducting 
materials. In order to obtain a clearer picture of the characteristics of various 
arc-extinguishing jets, these investigations were carried out in a model arc- 


extinguishing chamber with a lateral blast. 


The chamber contained 0.2 g of air compressed to 1.5 atm. Air from the 
chamber flowed through the nozzle for a period of 0.016 sec. The diameters of 
the fixed and moving arc-extinguishing contacts were 16 and 10 mm, respective- 
ly. The contacts were of copper. The value of the restoring voitage (effective 
value) at the opened circuit-breaker contacts was 6 kV. The frequency of self- 


oscillation in the short-circuit loop was 20,000 c/s. 


It was established experimentally that the relationships obtained on the 
model between the nozzle parameters and the magnitude of the current which 
can be broken can be increased proportionately and thus extended to actual 


circuit-breakers. 


Comparison of nozzles made from ceramic materials showed that “cardioride” 


nozzles were the most arc-resistant. During repeat experiments the working sur- 
face of this nozzle became gradually coated with a vitreous conducting mass. 
After approximately fifty breaks at a current of 400 A, the nozzle cracked and 
ceased extinguishing the arc. Nozzles made from other ceramic materials could 


only break the circuit for a smaller number of times. 


Marble nozzles survived fourteen to sixteen breaks at a current of 400 A 


after which arc-extinguishing capacity was rapidly lost. 


When nozzles were made of conducting materials it was found impossible to 
carry out more than six or seven breaks, after which the working surface of the 
nozzle built up, preventing the moving contact from passing into the nozzle any 


longer. 
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Arc extinguishing by a compressed air jet 


FIG. 1. Plexiglas nozzle of optimum arc- 


extinguishing capacity. 
l. nozzle; 
2. moving contact; 


. fixed contact; 
. direction of compressed air flow; 


. Stagnant region. 


FIG. 2. Plexiglas nozzles, studied for arc- 
extinguishing capacity. 


© -erc not extinguished FIG. 3. Relationship between current 
Baim which can be broken and internal dia- 
@-arc extinguished \ 
— 


meter of cylindrical section of nozzle. 


(open circles — arc not extinguished) 
(black circles — arc extinguished) 
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Nozzles made from materials which evolve gases under the influence of the 


high arc temperature wore out after twenty to thirty breaks at a 400 A current, 


with a large amount of soot deposit. 


Nozzles as shown in Fig. 1 were found to be very durable. A nozzle of this 


type made of plexiglass has a considerably greater arc-extinguish ing capacity 


than other nozzles investigated (Fig. 2), which were made of more heat-resistant 


materials than plexiglass. 


The basic parameters of nozzles (Fig. 1) are: the angle a of the conical fun- 


nel, the internal diameter d, of the cylindrical section of the nozzle funnel, the 


radius of curvature r of the nozzle edge and the position of the fixed contact 


above the nozzle. We shall consider each of these parameters individually. 


It was established experimentally that the most successful arc extinction 


takes place in the case when at the very start of extinction the air flow is de- 


termined by the area of the nozzle opening and not by the area of the annular 


gap between the moving contact and the nozzle. To ensure this condition it is 


essential for the angle of the conical section of the nozzle to have the maximum 


possible value. In order to avoid mechanical breakdown of the tip the angle taken 


was a= 120°. If nozzles are made from mechanically stronger material, this angle 


can be increased. 


The internal diameter of the cylindrical section of the nozzle is selected in 
such a way that the area of the annular section between the moving contact and 


the inner nozzle wall is not less than that of the nozzle exit opening. This con- 


dition follows directly from the experimental curve shown in Fig. 3. The curve 


shows that the maximum value of the current which can be broken at a nozzle 


exit opening diameter of 10.5 mm is reached when the internal diameter of the 


cylindrical section of the nozzle is 16 mm. As this diameter is reduced, the arc- 


extinguishing capacity of the nozzle falls sharply. Increase of the internal dia- 


meter of the cylindrical section of the nozzle beyond 16 mm has comparatively 


little effect on the arc-extinguishing capacity. 


The radius of curvature of the nozzle tip has a substantial influence on the 


magnitude of the current which can be broken. The results of tests with varying 


radii of curvature in the range from r = 0 to r = 5 mm, at a constant value of 


16 mm for the internal diameter in the cylindrical portion of the nozzle, are shown 


in Fig. 4. 


This relationship, showing that as the radius of curvature of the nozzle tip 
is reduced the arc-extinguishing capacity is improved, does not agree with the 


results of investigations by a number of other authors. In particular it has been 


shown that the breaking power of a nozzle which is good from a streamlining 
point of view and free from eddying is better than that of a nozzle with sharp 


edges [1!. 


It might be supposed that a nozzle with sharpened edges could not undergo 
any large number of breaks, since the edge sharpness will reduce the already low 
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heat resistance of the nozzle material, (the decomposition temperature of plexi- 


glass is about 150% However, experiments did not confirm this supposition, as 


Fig. 5 shows: as the r adius of curvature of the edge is increased, the number of 


suc¢ essful breaks is reduc ed 


The nozzle shown in Fig. 1 was able to break currents at short circuit values 


of the order of 4 kA big. 6 The high arc resistance of a nozzle with sharp edges 


can be explained on the grounds of the formation of air eddies which, encir ling 


the sharp edge, protect the latter from destruction by the incandescent arc gases 


The positive effect of sharp nozzle edges on the magnitude of the current which 


can be broken may also be explained by the tearing from then of streams of cold 


air into the arc column which must substantially increase the intensity of the cool- 


ing effect 


On the basis of the results presented, it can be confirmed that improve- 


ment in the arc-extinguishing properties of nozzles made from insulating materi- 


als and extension of their service life can be obtained by using nozzles with 


sharp edges 


\ relationship was also found by experiment, between the magnitude of the 


current which can be broken and the distance between the fixed contact and the 


nozzle. The maximum current-breaking value corresponds to the optimum dis- 


tanceh,,.., = 2.7 mm 


In this case the area of the nozzle exhaust opening {- nd? 4. and the area 


of the cylindrical surface f,= 7 d, A, through which the air enters the nozzle, 


are equal. flere, it is assumed that the area of the annular section /, = (7/4). 


id? — d?) exceeds both these values 


If the distance between the fixed contact and the jet is below the optimum, 


then f, is the critical area. Since in this case /, < /,, the air flow through the 
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nozzle is reduced, lowering the value of current which can be broken (Fig. 


If the distance is increased beyond the optimum, f, becomes the critical area. 
This results in a fall in the radial component of the air stream velocity and so 
in a reduction in the penetration of cold air particles into the arc column. As a 
result, the arc is less intensely cooled. Vioreover, in this case, there is a con- 
siderable increase in the “stagnant” region of incandescent gases (Fig. 1), which 


reduces the electric strength between the contacts. 


This work was carried out under the direction of Prof. G.V. Butkevich, to 


whom the author extends his sincere thanks. 


Translated by Bishop 
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